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This report  presents the  results of t h e  California Division of Mines and Geology's 
(CDMG) geothermal resource investigation of t h e  Sonoma Valley area, California. The 
study was undertaken to learn more about t h e  known low-temperature (2Oo-9O0C) 
geothermal resource in this  area and to assess t h e  potential of t h e  resource for 
development and use by t h e  local community. The project was conducted in compliance 
with t h e  te rms  of t h e  fourth-year cont rac t  (1981-82) with t h e  U.S. Department of Energy 
(DOE) under the  state-coupled program and performed under CDMG's Phase 11 
site-specific geothermal resources studies program. 
This study has  delineated a widely distributed, moderately shallow, low-temperature 
geothermal resource in t h e  Sonoma Valley area. Utilization of this resource appears to be 
potentially feasible for a variety of direct-heat uses, and development of the resource is 
recommended. Some specific characterist ics of t h e  geothermal resource a r e  presented 
below: 
The geothermal fluids underlying portions of t h e  Sonoma Valley a r e  primarily found 
in permeable units of t h e  Sonoma Volcanics. The a r e a  labeled the  'VAost Likely 
Geothermal Production Zone" (Plate  I )  is t h e  most favorable a r e a  for developing 
these resources from moderately deep wells (over 100 meters/330 feet deep). 
The "Most Likely Geothermal Production Zone" contains 15 of t h e  29 
low-temperature geothermal wells or springs found during the  course of this 
investigation. The zone is bounded on t h e  west by t h e  "east side" faul t  and is 
approximately 10 km (6.2 miles) long and comprises an  area of 5.4 square kilometers 
(2. I mi1es2). 
The highest recorded temperature  of geothermal fluids found in t h e  Sonoma Valley 
area is 62.7"C (145°F) at 137.2 meters  (450 fee t )  in a well at Boyes Hot Springs. The 
indicated temperature  of t h e  geothermal reservoir may b e  in t h e  range of 52"-77°C 
(126'47 1°F) based on the  average values of several algorithms of Na-K-Ca 
geothermometer. These d a t a  a r e  questionable, however. 
All evidence suggests the  low-temperature geothermal resources in t h e  Sonoma 
Valley are characterist ic of liquid-dominated hydrothermal convection systems. 
Deep circulating fluids a r e  warmed from t h e  earth's natural  hea t  gradient and then 
ascend fracture  zones into permeable aquifers underlying t h e  Sonoma Valley. 
Of several possible faults t h a t  have been identified in t h e  Sonoma Valley by 
geophysical investigations, t h e  faul t  t h a t  has been designated t h e  "east side" faul t  in 
this report  is t h e  most important with respect  to geothermal resources. In the  
reservoir model t h e  "east side" faul t  acts as a conduit for upward migration of 
geothermal fluids and simultaneously as a barrier to westward migration of t h e  
fluids. Therefore, warm waters  enter  permeable aquifers to t h e  east of t h e  "east 
side" fault  . 
Recommended further work includes t h e  following: 
o Assessment of actual  production capability of t h e  reservoir by drilling, developing, 
and monitoring wells for hydrologic parameters  of discharge, temperature ,  
drawdown, specific yield, etc. A deep explotation well drilling program would be of 
grea t  value in assessing t h e  reservoir characterist ics and is strongly recommended. 
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o A shallow-hole temperature  probe survey may greatly refine our understanding of 
the distribution of heated fluids in t h e  "Most Likely Geothermal Production Zone" on 
t h e  east side of the  Sonoma Valley, and is recommended for any additional study. 
o Future geothermal studies of t h e  Sonoma Valley should include geophysical surveys, 
geochemical sampling, downhole temperature  measurements, and geologic mapping 
to delineate structures north and northwest of t h e  study a r e a  to determine their 
relationship to t h e  geothermal resources of t h e  valley. The geoscientif i c  surveys 
performed during this investigation were predominantly done in t h e  central  and 
southern portions of the  Sonoma Valley. Preliminary information indicates several  
patterns,  trends, and anomalies extending north and northwest of t h e  study area. 
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Investigation of t h e  Low-Temperature Geothermal 
Resources in t h e  Sonoma Valley Area, California 
The Sonoma Valley a r e a  contains low-temperature geothermal resources (20°C < T < 
90°C) having t h e  potential for useful development. Sonoma Valley residents, loca i  
governments and institutions, private developers, and manufacturers may b e  able to 
uti l ize t h e  geothermal resources as an a l te rna te  energy source. 
- 
Historically, there  have been a t  least six geothermal spring a reas  developed in t h e  
Sonoma Valley. Four of these (Boyes Hot Springs, Fetter 's  Hot Springs, Agua Cal iente  
Springs, and t h e  Sonoma S t a t e  Hospital warm spring) l ie  on a linear trend extending 
northwestward from the City of Sonoma. Detailed geophysical surveys delineated a major 
fault t r a c e  along t h e  east side of t h e  Sonoma Valley in association with t h e  historic 
geothermal areas. Other fault  traces were also delineated revealing a general  
northwest-trending s t ructural  faulting fabric  underlying t h e  valley. 
Water wells located near t h e  "east side" fault  have realtively high boron 
concentrations. Geochemical evidence may suggest t h e  "east side" fault presents a 
barrier to la teral  fluid migration but is a conduit for ascending fluids. Fif teen of t h e  
twenty-nine geothermal wells or springs located from l i terature  research or field surveys 
a r e  located along or east of this  major faul t  in a 10 km (6.2 miles) long, narrow zone. 
The highest recorded water temperature  in t h e  valley appears to b e  62.7"C (145°F) at 
137.2 meters  (450 feet) in a well at Boyes Hot Springs. This is consistent with t h e  
geothermal reservoir temperature  range of 52"-77"C (126"- 17 IOF) indicated by 
geothermometry calculations performed on d a t a  from wells in t h e  area. 
Interpretation of data  indicates a low-temperature geothermal fluid upwel l ing  or 
"plume", along t h e  "east side" fault with subsequent migration into permeable aquifers 
predominantly within volcanic strata. I t  is qui te  likely other  geothermal fluid "plumes" in 
association with faulting are present within t h e  Sonoma Valley area. A 5.8 km2 
geothermal zone, t h a t  parallels t h e  faul t  t race,  is delineated and is perhaps t h e  most 
favorable a r e a  for further investigation and possible geothermal production. 
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The California Division of Mines and Geology (CDMG), under grant  contract  with t h e  
U.S. Department of Energy, investigated t h e  low-temperature (2Oo-9O0C) geothermal 
resources of the  Sonoma Valley area,  California, t o  determine t h e  areal  extent ,  depth, 
maximum temperature,  volume, water  quality and other  properties of these resources t h a t  
must be ascertained before effect ive and economical development is undertaken. This 
report  presents a summary of historical development of t h e  resources and t h e  results of 
geological investigations, detailed geophysical surveys, a study of t h e  regional seismicity, 
geothermometric calculations, geochemical analyses of water samples, and direct  
temperature  measuring, as well as conclusions drawn from these results. At  t h e  end of 
t h e  report  is a list  of selected references of geoscience information concerning t h e  
Sonoma Valley area. 
In recent  years, there  has been an  awakening interest  in a l te rna te  energy sources. As 
a result, t h e  potential of low- to moderate-temperature geothermal resources is coming 
under scrutiny throughout California. This report  presents t h e  basic geoscientif i c  aspects  
of the  geothermal resources of t h e  Sonoma Valley area and should b e  used as a 
"springboardtt for a l l  those with an interest  in those resources. Data  provided in th i s  
report  should be helpful for local residents, local governments, private developers, and 
manufacturers in t h e  Sonoma Valley to ascertain if t h e y  a r e  located in a favorable area 
for geothermal development. This report  may then b e  used as a bases for a more detailed 
or localized exploration. program. The report  can b e  used in support of financial requests 
to state and federal  government geothermal development aid programs. The d a t a  and 
conclusions presented in this  report  may a f f e c t  t h e  kinds of uses to which t h e  geothermal 
resources of Sonoma Valley may be applied, t h e  type of equipment necessary to uti l ize t h e  
resources, and the  total cost-effectiveness of potential utilization of t h e  resources. 
This report  presents much new material  as well as a compilation of previously 
performed studies singularly assembled for t h e  purpose of investigating t h e  geothermal 
resources of t h e  Sonoma Valley area. Although this report  is a comprehensive geothermal 
study of the  area,  it is not meant to be t h e  definitive or final study of t h e  geothermal 
resources of Sonoma Valley. Concepts and conclusions presented in this report  should be 
continuously revised, modified, upgraded, and may, in some cases, be rejected as new data 
from subsequent studies a r e  developed for t h e  geothermal resources of t h e  Sonoma Valley 
area. 
This report  is a product of t h e  cumulative e f for t  of several  CDMG staff scientists. 
Rodger H. Chapman and Gordon W. Chase performed t h e  detailed geophysical field 
investigations, processed and interpreted t h e  data ,  and prepared t h e  geophysical 
presentation in this report. Stephen P. Bezore performed t h e  geologic field investigations 
and prepared t h e  geologic presentation. He also researched and prepared t h e  selected 
reference list at t h e  end of t h e  report. Hasu H. Majmundar was responsible for t h e  
geochemical water well sampling program conducted in t h e  Sonoma Valley. He  collected 
samples, directed t h e  sample analyses t h a t  wpre performed at CDMG's San Francisco 
laboratory, and tablulated the results. Leslie G. Youngs was t h e  principal field 
investigator for t h e  project and wrote  t h e  remaining sections of t h e  report. He was 
responsible for report  continuity and overall geothermal resource assessment 
interpretations. 
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HISTORICAL DEVELOPMENT OF THE GEOTHERMAL RESOURCES 
I N  THE SONOMA VALLEY AREA, CALIFORNIA 
Background 
One of the  d a t a  gathering techniques used in t h e  investigation of a geothermal 
resource a r e a  should b e  t h e  researching and compiling of t h e  historic development of t h a t  
resource. Information such as t h e  number and locations of warm wells and springs, flow 
rates,  temperatures,  geothermal surface features,  depth of geothermal aquifers, historical 
depletion of t h e  resource, surface extent  of t h e  resource, and past  uses made of t h e  
resource can often be  gleaned from t h e  historical record (California Division of Oil and 
Gas, 1981). This of ten has proven to b e  a n  especially valuable technique in low- and 
moderate-temperature geothermal resource a reas  of California where many warm or hot 
springs were originally developed as resort  spas or  health sanitariums. Much l i terature  
has survived from t h a t  e r a  advertising and extolling t h e  chemical and physical properties 
of various hot springs. The historic record of I'hot springs" in t h e  Sonoma Valley a r e a  is  
somewhat sparse, but there  is some very useful information available. 
Development of t h e  Hot Springs 
There a r e  six historic geothermal springs a reas  most of ten mentioned in l i terature  in 
t h e  Sonoma Valley area. They are from north to south: Morton's warm springs (formerly 
Los Guilicos Warm Springs), the  McEwan Ranch warm spring, t h e  Sonoma S t a t e  Hospital 
warm spring (formerly S t a t e  Home at Eldridge), Agua Cal iente  Springs, Fet ter ' s  Hot 
Springs, and Boyes Hot Springs (Plate I). 
Morton's Warm Springs (Los Guilicos Warm Springs) 
The Morton's Warm Springs recreational site is located approximately 2.4 km (1.5 
miles) south of t h e  City of Kenwood on t h e  east bank of Sonoma Creek and adjacent  t o  
Warm Springs Road. (Plate I ,  Location No. C-4). 
I t  is interesting to note  t h a t  It . .  . in t h e  early 1800's, t h e  land ( the northern Sonoma 
Valley) was swampy and covered with heavy growths of Willows, alders, bay and oak; t h e  
site of Kenwood being entirely under water.'' (Cook, 197?, p. 46). In 1887, t h e  land was 
drained, and t h e  town, la ter  to b e  named Kenwood, was &id out. The next year, a plot of 
land was set aside at t h e  natural  warm springs, previously a favori te  camping ground of 
the  Wappo Indians of the  northern Sonoma Valley. The marshy, t idewater lands of the 
southern Sonoma Valley were originally occupied by the Coast Miwok Indians (Beard, 1979). 
Waring (1915) writes of two springs at Los Guilicos Warm Springs site which yielded 
about 2 and 3 gpm, respectively, at water temperatures  of 25.6"C (78°F) and 27.8OC (82°F): 
1 
"In 1909 there  was a small.bathing pool and an  old hall or pavilion at t h e  
spring near t h e  eastern bank of t h e  creek; at t h e  other  spring, on t h e  
opposite bank, there  was a small  pool enclosed by an old bathhouse. The 
place was used as a camping resort, and several  cot tages  had been 
erected among t h e  t rees  near by." 
Berkstresser (1968) lists three  geothermal features  at t h e  Morton's Warm Springs site; t h e  
f i rs t  two listed, probably a r e  wells, t h e  third is listed as a shelter-covered spring. The 
temperatures,  respectively, are 30.6"C (87°F) measured on November I, 1956, 28.9"C 
(84°F) measured on November I, 1956, and 30.6OC (87°F) measured on October I, 1966. 
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Currently a t  the site, a well about 55 meters  (180 feet) deep and 31.8 c m  (12.5 inches) 
in diameter supplies warm water  for filling two swimming pools, irrigating t h e  picnic 
grounds, space-heating t h e  s t ructure  on t h e  premises, and supplying t h e  domestic water  
supply to 20 nearby residences under t h e  auspices of t h e  Los Guilicos Water Works. The  
well, despite this heavy load, flows artesian during t h e  winter months. The surface 
discharge water temperature  measured on February 24, 1982 was 30°C (89°F). Natural  
warm water  seepage is st i l l  sometimes evident in t h e  bottom of t h e  Sonoma Creek behind 
the  swimming and picnicing facilities. 
T S  
According to Waring (1915), the  McEwan Ranch Warm Spring was located about 2.4 
km (1.5 miles) west of Los Guilicos Warm Springs. Waring claims t h e  spring was partly 
used for irrigation, but t h a t  t h e  spring had not been efficiently developed or improved. 
I t  is assumed t h a t  an  undeveloped warm spring on t h e  property currently known as 
t h e  Kiezer Ranch on Bennett Valley Road is t h e  same spring in Waring's 1915 account. 
(Plate 1, Location No. C-5.) The spring surfaces very near t h e  ranch house at a 
temperature  of 23.3"C (74°F) and flows through a narrow ditch to t h e  Yulupa Creek. The 
temperature  reportedly remains constant year round. The spring was discharging at  
approximately 25 gprn on February 23, 1982. I t  appears tha t  this spring was never 
commercially developed. A well of unknown depth has  been driven about one meter  or so 
away from the  spring. This well supplies t h e  en t i re  water requirements of t h e  residents at 
the ranch. 
The Sonoma S t a t e  Hospital Warm Spring (State  Home at Eldridge) 
The Sonoma S t a t e  Hospital grounds a r e  along Arnold Drive and Sonoma Creek 
approximately 8 km (5  miles) north-northwest of t h e  Ci ty  of Sonoma. The location of t h e  
warm spring on these grounds, as described in t h e  l i terature,  is confusing, but  
interpretation suggests i t  is t h e  site labeled as "Sonoma State Hospital Warm Well'l on 
P la te  1 which is on t h e  hospital's farm. 
Waring (1915) writes: 
"At t h e  vegetable and dairy farm of t h e  S t a t e  Home at Eldridge 
water  (22°C) 72"(F) in temperature  is obtained from a spring t h a t  
yields about 10 gallons a minute of water t h a t  is used in t h e  dairy 
and for irrigation. The water broke for th  a t  this spring a t  t h e  t i m e  
of the earthquake of April 18, 1906, and a flowing well 50 yards 
northward ceased to flow. A light colored tuffaceous rock i s  
exposed a few yards from t h e  spring." 
Berkstresser (1968) writes of an  October 10, 1966 observation of t h e  spring: 
"Spring is developed on bank of creek and covered by concrete  
shelter. Water drains through pipe into creek. Unused." 
H e  measured t h e  water temperature  at 21°C (70°F) and reported a 10 gpm discharge. 
During the  CDMG field work of February 22, 1982, a 3-meter (10 feet) diameter,  
7 meters  (23 feet) deep concre te  cistern was investigated on t h e  farm of t h e  Sonoma 
Sta te  Hospital. This is t h e  site labeled "Sonoma S t a t e  Hospital Warm Well" on P la te  1. 
The cistern is covered with a hemispherical concre te  lid. The temperature  of t h e  water 
at t h e  bottom of t h e  cistern was 20.3"C (68.5"F). The well or cistern is unused and was 
not discharging. I t  is assumed tha t  this cistern is t h e  s i te  of t h e  warm spring mentioned in 
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t h e  l i t e ra ture  above. The site labeled t5-22tt on P la te  1 is probably located incorrectly 
and is, in fact, t h e  cistern described above. 1 ~' 
Currently, there  is no use made of t h e  low-temperature geothermal resource possibly 
available at t h e  Sonoma S t a t e  Hospital, but a proposal by a private contractor  has been 
approved by t h e  California S t a t e  Lands Commission to drill a deep exploration well on t h e  
grounds to develop geothermal resources. Drilling began in July 1982. 
Agua Cal iente  Springs 
The Agua Cal iente  Springs resort  is a day-use swimming and picnicking facil i ty 4.3 
km (2.7 miles) northwest of t h e  center  of t h e  City of Sonoma along and west of Highway 
12. (Plate 1, Location No. C-40.) 
Agua Cal iente  Springs has operated commercially since 1887 (Leivas and others, 
1981). Finley (1937) says t h e  springs were originally developed in t h e  early 1f80's11. Before 
t h a t  It. . . t h e  hot spring here  was merely a mud hole used for many years by t h e  Indians" 
(Bradley, 1915). 
A well t h a t  flows artesian was dug at t h e  nearby Agua Rica Hot Springs (now Boyes 
Hot Springs) in 1895. This phenomena drew much publicity so t h e  owner of Agua Cal iente  
Springs Hotel  decided to t ry  to dig an artesian well on his property with t h e  following 
results as reported by Lynch (date unknown): 
"Dr. Nordin, then t h e  new owner of t h e  Agua Claiente  Springs Hotel  
and grounds, employed workers to dig an  ar tes ian well with t h e  same 
hopes in mind. In May, 1895, an  excellent flow of hot mineral water  
was found. The stream shot up to several  feet above t h e  surface of 
t h e  ground and carried an average tempeature  of 100 degrees 
(37.8OC). Dr. Nordin and his crew immediately began making plans 
to build swimming baths and like facilities. Improvements were also 
made on t h e  nearby buildings and interiors were refurbished." 
Apparently t h e  resort  thrived as many people rode t h e  Northwestern Pacif ic  Railroad 
up t h e  Sonoma Valley from t h e  Bay Area to "take t h e  waters". Agua Cal iente  was a small  
train s ta t ion on tha t  rail line. There was a convenient horse and buggy service from t h e  
depot to t h e  local resorts. 
In 1915, Waring wrote this account of Agua Cal iente  Springs 
"A hotel and cot tages  here  provide for about 300 people. A large 
swimming plunge and tub baths are supplied by f ive flowing wells 
one-third of a mile southward. The wells are drilled about 300 feet 
(91m) deep and t h e  reported temperatures  of t h e  waters range from 
97" (36OC) to 108" (42OC). In-1909 Agua Cal iente  water  was bottled 
and marketed both carbonated and natural  for table  use." 
The following account, a few years later (Bradley: 1915), indicates an 
additional well at t h e  site, to a total of six,'and perhaps a reduction in artesian 
flow to seasonal: 
"The present owner has drilled six wells and put in a large swimming 
tank, a bathhouse, and a bottling works. The water  is pumped, 
though i t  is stated t h a t  in t h e  winter the  wells have a small  artesian 
flow. 
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"The water pumped to t h e  swimming tank shows a temperature  of 
102°F (39°C) at t h e  pump (2 wells combined, 1 of which is said to b e  
warmer than 102°F [39"C]). The well f rom which water is bottled 
shows a temperature  of 95°F (35°C) at t h e  pump, and is discharged 
into a tank to cool before bottling. Electr ic  power is used, and 
there  is an auxiliary gasoline mechanical labeler. There a r e  
accommodations for 300 guests in t h e  hotel and cottages." 
Leivas and others, 1981, report  t h a t  in 1950, t h e  resort  was purchased by t h e  present 
owner. The grounds were cleaned, t rees  planted, and t h e  mud baths removed. Currently,  
t h e  owners operate  a day-use area with swimming pool, which is filled from three  wells, 
two on t h e  Agua Claiente property. Warm water f rom t h e  adjacent Fetter 's  Hot Springs 
property, now owned by t h e  same people who own Agua Caliente Springs, is also used in 
filling t h e  pool. 
In 1981, a temperature  of 35°C (95°F) was recorded in t h e  discharge of a well 
approximately 91.4 m (300 feet) deep at Agua Cal iente  Springs. 
F e t t e r s  Hot Springs 
The Fe t te rs  Hot Springs site is adjacent t o  and south of t h e  above Agua Cal iente  
Springs resort along Highway 12 northwest of t h e  City of Sonoma. (Plate  I ,  Location No. 
C-4 1 .) 
Originally, t h e  site was known as Eleda Hot Springs when commercial  development 
began in 1908 with t h e  drilling of a warm water  well. 
"During t h e  summer of 1909 a bathing establishment (Eleda Hot Springs) which is 
supplied by four drilled wells was e rec ted  about 200 yards east of t h e  Agua Cal iente  
baths", reported Waring (1915). 
In 1910, a hotel  was built on t h e  grounds. By 1915, t h e  resort  was called Fe t te rs  Hot 
Springs. 
Bradley (1915) writes of t h e  resort: 
"This resort  at  the post office of t h e  same name (Fe t te rs  Hot 
Springs) is between Boyes and Agua Cal iente  springs in t h e  warm 
water  belt,  extending northwesterly from Sonoma. . . There a r e  3 
wells, s ta ted  to b e  artesian in winter, t h e  f i rs t  one of which was 
drilled in 1908. The warm water  was s t ruck at a depth of 300 feet 
(91.4 m). I t  is pumped, using electric power, to a tank, for 
swimming and bathing. A small  amount is bottled, carbonated, for 
use at t h e  hotel. The temperatures  of t h e  two principal wells a r e  
said t o  b e  114°F (46°C) and 90°F (32°C) respectively." 
Currently, t h e  Fetters Hot Springs site is closed. The facilities are gone except  for 
one building apparently used as a small, single-story, low-rent apar tment  complex and a 
warm water well. The property is now owned by t h e  owners of t h e  adjacent Agua 
Cal iente  Springs resort. 
The well is sometimes used to help fill t h e  pool a t  t h e  Agua Cal iente  Springs 
facilities. Leivas and others (1981) report  t h e  well to b e  50.3 m (165 feet) deep with a 
surface discharge temperature  of 29°C (84°F). Compare this to t h e  nearby Agua Cal iente  
Springs well measured by Leivas and others (1981) at approximately 91.4 m (300 fee t )  and 
discharging at 35°C (95°F). The comparison may indicate a n  increase in geothermal fluid 
temperature  with an increase in depth in this immediate  area. 
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Boyes Hot Springs ir 
The Boyes Hot Springs site is approximately 3.2 km (2 miles) northwest of t h e  City of 
Sonoma on t h e  east bank of Sonoma Creek. (Labeled "Boyes Hot Springs" on Plate 1.)  
The Boyes Hot Springs were t h e  oldest developed geothermal springs in t h e  Sonoma 
Valley, probably first commercialized on a small scale in t h e  l a t e  1840% or early 1850ts, by 
Dr. T.M. Leavenworth. But before t h a t  there  a r e  several  reports t h a t  local Indians 
utilized t h e  site. 
Gregory (1911): 
"In the Sonoma region are t h e  Boyes Hot Springs on the  old 
Leavenworth rancho in t h e  northern par t  of t h e  valley. This well 
known and very popular health resort  could d a t e  t h e  beginning of i t s  
popularity before da tes  were used in t h e  markings of time-flights. 
The Indians found t h e  spring boiling and bubbling in its own hot 
vapors from t h e  ground.. . So their sweathouse stood near t h e  
spring. . .for generations. . . Dr. Leavenworth constructed a small  
bathhouse and a tank at t h e  spring (circa 1850?) and made i t  t h e  
pioneer health resort  of t h e  county. The doctor was peculiar and 
eccentr ic  to t h e  explosive point--which point one day h e  reached 
during a violet discussion with his wife over t h e  cashierhsip of t h e  
institution. In his rage h e  burned t h e  bathhouse and filled t h e  tank 
with ear th  and stones and went out  of business." 
In those early days, t h e  site was known as t h e  Agua Rica Springs. Captain and Mrs. 
H.E. Boyes acquired t h e  property in the  late 1880's as t h e  following account by Gregory 
(19 I I )  relates 
"Making this their home (Sonoma Valley), they soon became 
interested in stories told them by t h e  l a t e  General Vallejo of t h e  old 
hot  mineral springs used by t h e  Indians and upon inestigation. . .Mr. 
Boyes a f t e r  long probing in t h e  swampy soil found t h e  old tank in i t s  
excavation. . .the captain digging into t h e  ear th  and Mrs. Boyes 
hoisting t h e  bucket. . .cleaned out  t h e  long choked fountain (and) set 
(it) boiling again. . . Accordingly t h e y  purchased seventy-five acres  
of land and began developing t h e  springs. Sinking two deep wells 
each two hundred feet in depth [this was in 18883 they put in one tub 
to start with and then increased and built and rebuilt until now i t  is 
t h e  finest  hot mineral spring resort in California." 
The following is a chronological listing of historical s ta tements  about t h e  geothermal 
resource and facilities at Boyes Hot Springs (originally Agua Rica Springs): 
Watts (1892): 
"Inflammable gas (methane?) bubbles up from t h e  bed of Sonoma 
Creek on t h e  Captain Boyes ranch, about 2 miles north of Sonoma. 
About 100 feet from t h e  creek is a thermal spring.. . The 
temperature  of this spring has been est imated at I O O O F  (38OC) and 
t h e  water is kept in a state of ebullition by t h e  inflammable gas 
(methane?) which arises from it. Captain Boyes states t h a t  h e  has  
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est imated t h e  amount of gas yielded by t h e  spring at 9,000 feet in 
twenty-four hours.. . . 
"A few yards t o  t h e  east of t h e  spring, and 120 feet from t h e  creek, 
a boring was made by Captain Boyes t o  a depth of 37 feet. 
"At this depth t h e  well yielded inflamable gas and water  of about 
t h e  same temperature  as t h e  spring already mentioned. The flow of 
water from this spring has been est imated at a quarter of a million 
gallons in twenty-four hours. A 6-inch hose siphoned water into t h e  
creek continuously for twenty-four hours without lowering the  water  
in t h e  spring." 
Crawford (1894): 
"Agua Rica Springs - They a r e  near  Verano, on t h e  Donahue 
Railroad. There are five principal springs." 
Lynch (date  unknown): 
"Workers drilling on t h e  property of Captain and Mrs. H.E. Boyes, 
March 18, 1895, made a discovery t h a t  would soon lead t o  t h e  
development of one of Sonoma Valley's biggest a t t ract ions - natural  
hot springs. 
"On that  landmark day of 1895, workers s t ruck t h e  flowing well of 
hot water a f t e r  drilling a depth of 70 feet. Temperature  of t h e  
water was 112°F (44"C), almost hot  enough to boil an egg. 
Accompanying t h e  water was an  immense volume of natural  gas 
which, it  was said, was enough to supply t h e  ent i re  City of Sonoma 
with light. 
"For two years, Captain Boyes had been conducting a search for t h e  
hot mineral, artesian water and natural  gas. After t h e  initial 
discovery in March, 1895, an additional underground s t ream of hot 
mineral water was struck which, according to Index-Tribune 
account,  'burst up to t h e  surface through a 7 inch pipe to a height of 
several  feet above t h e  ground, amid a vapor of s team t h a t  caused 
t h e  eyes of astonished well laborers t o  bulge out  like doorknobs'. 
The flow est imated at 100,000 gallons per day, t h e  temperature  
112°F (44°C). 
"Professors and other geological and mining authorit ies flocked t o  
Sonoma Valley to study t h e  new found springs. The Agua Rica Hot 
Springs, formed to promote t h e  hot springs' recreational and 
medicinal values, was soon incorporated.'' 
Crawford (1896): 
"Agua Rica Hot Sulphur. They a r e  2 miles N. of Sonoma, and on t h e  
line of S.F. & N.P.R.R. They a r e  sixteen in number, varying in 
temperature  from the  cool iron and soda water  to t h e  hot 
saline-sulphurous springs, registering 1 1 1.5OF (44°C). On t h e  
property also there  a r e  mud [bath] springs, whose merits are highly 
extolled. 
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Apparently the  name change to Boyes Hot Springs became official in 1902 when t h e  
Boyes' Hot Mineral Springs Company was formed by Captain Boyes. He retired from t h e  
management in 1904. So tha t  by t h e  publication of t h e  following account by Waring (1915), 
there  were new owners at t h e  springs: 
"Here a hotel  and several cot tages  and t e n t  houses a r e  si tuated in a 
grove of oaks, and a quarter  of a mile northwest of t h e  hotel a large 
swimming plunge and tub  baths a r e  supplied by water pumped from 
two wells. These a r e  said to be 200 feet deep, and t h e  tempera ture  
of the  water is reported to D e  114°F (46OC) and 118°F (48°C). The 
wells, t h e  f i rs t  of which was drilled about 1890, flowed until a short  
t i m e  after t h e  earthquake of April 18, 1906, but t h e  water  usually 
stands a few f e e t  below t h e  surface. A third, unused well 300 to 400 
yards to t h e  east was flowing about 3 gallons a minute in December, 
1909. The water is bott led for table  use. . . .'I 
Bradley (1915): 
"Boyes Hot Springs (at one t ime called Agua Rica), Boyes Hot 
Springs Company, owners; Henry Trevor, San Francisco, president; 
Thos. P. Boyd, Santa Rosa, secretary; R.G. Lichtenberg and Dr. E.L. 
Parramore,  managers. The post off ice  and railroad station are both 
named Boyes Springs.. . The property was formerly owned by 
Captain Boyes, and has been operated by t h e  present company for 
seven years. 
"Water is obtained from both springs and wells. I t  is pumped to 
tanks to give pressure for t h e  bathhouse use, and also pumped to t h e  
bottling works, where it  is cooled before bottling. Electric power is 
used. The bottling is done under lease from t h e  company by John W. 
Kelly. Most of t h e  production is carbonated, but a few cases per 
month, lstill.f 
"There is a fine large swimming pool and a well-appointed 
bathhouse. The temperature  of t h e  water  of t h e  principal spring 
was 112°F (44"C), taken at t h e  pump. There are accommodations 
for 300 guests in t h e  hotel, cot tages  and tents." 
Laizure (1926): 
"Boyes Hot Springs. Owned by Sonoma Properties Company. Fred 
F. Partridge and R.G. Lichtenberg, managers. 
"Water is obtained from both springs and wells. I t  is pumped t o  
tanks to give pressure for t h e  bathhouse use, and also pumped to t h e  
bottling works, where it is cooled before  bottling. Electric power is 
used. The bottling is done under lease from t h e  company. All of t h e  
production is carbonated. There is a fine large swimming pool with 
water at 80°F (27°C) and a hot  plunge, both in a well-appointed 
bathhouse. The old hotel  burned down in 1923. The Sonoma 
Properties Company, which has recently takeh over t h e  Boyes 
Springs property, expect  to have a new 100-room hotel  completed in 
1927. A cafe seating 300, open t o  t h e  public, and an 18-hole golf 
course a r e  included in their plans." 
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Berkstresser (1968): 
Reported from an  October I ,  1966 observation t h a t  t h e  water temperature  a t  Boyes 
Hot Springs was 112°F (44°C). 
Sylvester Associates (1982): 
Reported a bottom hole temperature  of 145'F (6223°C) in a 450-foot (137 m) well 
drilled at  an  unknown t ime at Boyes Hot Spring site. 
In the early par t  of 1982, the  swimming pool facilities, and grounds a t  t h e  abandoned 
Boyes Hot Springs site were completely bulldozed in preparation for t h e  proposed 
construction of a multiple dwelling residential complex t o  be geothermally heated if 
proved feasible. All t h a t  remained at t h e  springs s i te  in t h e  spring of 1982 were rubble 
and three  visible abandoned water well heads. 
Other Possible Historic Geothermal Locales in 
t h e  Sonoma Valley Area 
Some older l i terature  describes two other  "springs" in t h e  Sonoma Valley a rea ,  but 
does not indicate a water temperature. I t  is not known if these sites a r e  or were warm 
enough to be  classified as geothermal, but they a r e  listed below so t h a t  no clue t o  
understanding t h e  nature of the  geothermal resources in Sonoma Valley is overlooked. 
These old sites have not y e t  been located by CDMG. 
Waring (1915): 
Ohms Spring - "About one-half mile southeast  of Boyes Hot Springs 
is another drilled well whose water  was used to some exten t  in 1909 
for bathing. The property was open to t h e  public under t h e  name of 
Ohms Spring, and accommodations were provided for about 20 
guests.*' 
O'Donnell' Springs - "Two sulphur springs of relatively small  flow 
t h a t  issues in a ravine on t h e  west side of Sonoma Valley have been 
used for drinking for a number of years, and of l a t e  a small  
sanitarium has been established at t h e  place. The water is not  
strongly mineralized, however, and t h e  occurrence of the  springs is 
not of unusual interest." 
Bradley (1915): 
O'Donnell's Sulphur Spring - "is near Glen Ellen." 
Ohms Springs - "a drilled well 1/2 mile southeast  of Boyes Springs. 
A small  resort. Mrs. F. Shirley, Sonoma, owner." 
Anonymous (1897): 
O'Donnell's Mineral Springs - "Dr. C.C. O'Donnell's [Mineral Springs, 
Glen Ellen, (are) t h e  largest  and most picturesque pleasure and 
health resort  in California. 
. . .owned by Dr. C.C. O'DonneIl at 1206 Market Street ,  San 
Francisco, who acquired i t  seven years ago..  . A t  Glen Ellen a r e  
f ive mineral springs which have proved by analysis t o  be t h e  
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greatest  remedy for  liver, stomach, and bladder complaints, 
rheumatism, catarrh and lung trouoles. . . .It 
Development of Geothermal Wells 
Since the  late 1880's, some wells have deliberately been driven into geothermal 
springs a reas  of Sonoma Valley to gain control over t h e  discharge and increase production 
for resort  use. Many wells were artesian as described above. Some, such as t h e  early 
wells at t h e  Boyes Hot Springs site, encountered methane(?) gas. 
Other wells were drilled in t h e  valley over t h e  years to augment domestic and 
municipal water  supplies. Occasionally these wells intersected warm water aquifers; some 
became artesian, also. 
P l a t e  1 shows t h e  location of selected geothermal wells in t h e  Sonoma Valley area. 
Some are artesian, but most of t h e  older wells, such as at Boyes Hot Springs and Agua 
Cal iente  Springs, no longer naturally flow. 
There a r e  probably many more warm water  wells in t h e  Sonoma Valley a r e a  than have 
been located on Pla te  1. 
Conclusions 
The maximum surficial geothermal resource temperature  reported in historic 
l i terature  for tne Sonoma Valley a r e a  was at Boyes Hot Springs. Waring's 1915 account 
above reported 48°C (1 18OF) at Boyes Hot Springs. Most other  historic accounts, however, 
set the  maximum temperature  of surface discharge from wells at Boyes Hot Springs at 
44°C ( I  12°F). The second "warmest" well was at Fe t te rs  Hot Springs with Bradley (1915) 
reporting 46°C ( I  14°F) in t h e  discharge. 
Both of these areas  along with Agua Caliente Springs are located in a "warm water 
belt" long known to exist in t h e  area extending northwestward from t h e  City of Sonoma. 
Comparing t h e  older accounts above with d a t a  from P l a t e  I ,  i t  appears t h a t  some surface 
water well temperatures have somewhat decreased over the  years in this area. This is  
probably because warm water tables have "dropped" over t h e  years as evidenced by t h e  
fact t h a t  old wells at these areas  no longer a r e  artesian and by t h e  fact t h a t  t h e  original 
springs at Boyes Hot Springs have "dried upt1 since Laizure's (1926) account above. 
Interestingly, there  a r e  some newer wells t h a t  currently flow artesian (Plate  I ,  
Locations No. C-17 and C-29) in t h e  southeastward extension of this "warm water  belt" 
into t h e  City of Sonoma. 
The warmest down hole temperature  previously reported in t h e  l i terature  was again 
at Boyes Hot Springs. Sylvester Associates (1982) show a 62.8"C (145°F) water  
tempera ture  at t h e  bottom of a 137 m (450-foot) well on an  unconfirmed tempera ture  well 
log. 
Comparison of water temperature  from t h e  historic l i terature  indicates t h a t  the  
Boyes Hot Springs area contains t h e  warmest geothermal resource so far found in Sonoma 
Valley. However, deeper well drilling elsewhere in t h e  valley may someday encounter 
geothermal aquifers of higher temperatures. 
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The water temperature  of Morton's Warm Springs (Plate  I, Location No. C-4) may 
have increased a few degrees over t h e  years since t h e  early 1900's as the accounts above 
indicate. However, t h e  apparent temperature  increase may be t h e  result of inaccuracies 
in thermometers,  inconsistent measurement techniques, or  t i m e  of year of measurement. 
At  any ra te ,  t h e  flow of t h e  geothermal resource at Morton's Hot Springs has certainly 
increased since t h e  early 1900's with t h e  drilling of wells at t h e  site. 
The geothermal resources underlying t h e  Sonoma Valley may show some history of 
susceptibility to seismic activity. Waring (1915) reported above tha t  t h e  warm spring at 
t h e  Sonoma S t a t e  Hospital "broke forth. ..at t h e  t i m e  of t h e  earthquake of April 18, 
1906. . .'I. He also reported t h a t  some wells flowing since the  1890's at Boyes Hot Springs 
ceased flowing a short t ime a f t e r  t h e  April 18, 1906 earthquake. The "Regional 
Seismicity" seqtion elsewhere in this report ,  l ists  th ree  other  accounts t h a t  may indicate 
that  radical changes sometimes occur t o  t h e  goether mal wells and springs after 
earthquake shocks are felt in t h e  valley. 
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R GEOLOGIC SETTI N C 
Introduction 
B 
D 
IJ 
0 
The Sonoma Valley lies in t h e  Northern Coast Range geomorphic province which is 
characterized by northwest-trending ranges and valleys. The Mayacmas Mountains on t h e  
east side of t h e  valley separate  t h e  Sonoma Valley from t h e  Napa Valley. The Sonoma 
Mountains l ie  between t h e  Sonoma Valley and t h e  Petaluma Valley and t h e  Santa  Rosa 
Plain to t h e  west (Figure I). The ranges in the Coast Range province a r e  generally 
uplifted along faults. 
The basement rocks in this a r e a  a r e  composed of t h e  L a t e  Jurassic and Cretaceous 
Franciscan Complex and the  contemporaneous Grea t  Valley sequence. The Franciscan 
Complex of graywacke sandstones, shales, pillow basalts, radiolarian cherts,  and 
glaucophane schists is considered to b e  oceanic and trench deposits which were subducted 
beneath the Great  Valley Sequence, a fore-arc assemblage of graywacke sandstone and 
mudstone deposited upon ophiolitic volcanics, basic intrusives and serpentinite. The 
basement rocks a r e  not exposed in Sonoma Valley. 
Stratigraphy 
Petaluma Formation 
The oldest rocks exposed in Sonoma Valley are of t h e  Piocene Petaluma Formation 
(Plate  2). The Petaluma Formation consists of light brown clays, siltstones, sandstones, 
clays, pebbly conglomerates, and minor nodular limestone. Brackish and fresh water  
fossils indicate a continental  and estuarine depositional environment. 
The Petaluma Formation is exposed along t h e  west side of t h e  Sonoma Valley along 
t h e  base of t h e  Sonoma Mountains and along Agua Cal iente  Creek in Sec. 30, T6N, R5W. 
In a road c u t  on O'Brian Road and along Agua Caliente Creek, t h e  clay and sil tstone is 
interbedded with diatomite. 
Sonoma Volcanics 
Osmont (1904), first applied t h e  term Sonoma tuff to a section of tuffs  and 
interbedded lava flows northeast  of Santa Rosa. These tuffs overlie andesite flows which 
Osmont called the Mark West andesite. Above the  tuff is a rhyolite unit which Osmont 
termed t h e  St. Helena rhyolite. Dickerson (1922), applied t h e  name Sonoma Group to all 
th ree  units. Weaver (1949) grouped t h e  Mark West andesite and Sonoma tuff into t h e  
"Sonoma Volcanics". He mapped t h e  St. Helena rhyolite as a separa te  unit, although h e  
considered i t  t o  b e  a member of the  Sonoma Volcanics. 
In t h e  Napa area, Kunkel and Upson (1960) divided t h e  Sonoma Volcanics into three  
m e m b e r s  ( I )  a lower undifferentiated member comprising andesite and basalt flows and 
andesite tuffs  and breccias; (2) a middle diatomaceous member of water-laid tuffs ,  
sandstones, conglomerates, and diatomaceous mudstones and siltstones; and (3) an upper 
member of welded tuffs  and flows of rhyolite. Sickles (1974) used t h e  three  member 
division of t h e  Sonoma Volcanics in mapping t h e  area east of Kenwood and Glen Ellen. 
In this report  t h e  Sonoma Volcanics is divided into two members, t h e  lower 
undifferentiated Sonoma Volcanics member and t h e  upper St. Helena rhyolite member 
(Plate  2). No middle diatomaceous member was identified in t h e  study area. 
D 17 
I220 
T7N. 
38'30 
T.6hl. 
Figure 1. Locat ion map o f  the Somona Val ley s tudy  a r e a .  
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The Sonoma Volcanics a r e  atsigned an  age  of l a t e  Pliocene. The volcanics overlie t h e  
Pliocene Petaluma Formation and is overlain by t h e  Huichica and Glen Ellen Formations 
of Pleistocene age  (Kunkel and Upson, 1960). In t h e  Napa area, t h e  middle diatomaceous 
member has yielded floral assemblages of early l a t e  Pliocene (Axelrod, 1950; Kunkel and 
Upson, 1960). Potassium-argon age  da tes  on t h e  Sonoma Volcanics range from 5.3 m.y. to 
2.9 t o  m.y. (Evernden and James, 1964; Mankinen, 1972). 
Lower Undifferentiated Sonoma Volcanics. The base of t h e  Sonoma Volcanic's in this 
a r e a  is a heterolithic volcanic agglomerate. In t h e  Agua Cal iente  Creek area ,  t h e  basal 
agglomerate is interbedded with i ra tomi te  of t h e  underlying Petaluma Formation. 
The agglomerate is a water  deposited volcanic breccia of angular clasts and coarse 
sand. A dark gray andesite typically forms clasts up t o  one meter  across t h a t  a r e  
distinctively large than t h e  other clasts. Cross bedding in t h e  agglomerate is common and 
graded bedding occurs in some outcrops. 
Overlying t h e  agglomerate a r e  flows of dark-gray to black andesite. The andesite 
typically forms massive, blocky outcrops but in some localities a platy jointing is 
developed parallel to t h e  flow lamination. Euhedral phenocrysts of augite and plagioclase 
are common in t h e  andesite. Rounded phenocrysts of olivine partially or completely 
al tered to serpentine are less common. The ground-mass is predominently plagioclase 
microlites with augite and magnetite in a glassy matrix. These two units, t h e  andesite 
and t h e  underlying agglomerate, underlie most of t h e  a r e a  mapped as Sonoma Volcanics. 
Above t h e  andesite is a deposit of red scoriaceous ash and breccia in which ribbon and 
spindle shaped volcanic bombs are common. This rock type is best exposed along Highway 
12 south of Fe t te rs  Hot Springs. A similar red scoriaceous breccia is exposed at  t h e  
Mountain Cemetery north of Sonoma and along Norrbom Road. 
Interbedded pumiceous tuffs,  andesite mudflow breccias, basalt  flows and andesite 
flows overlie the  red scoria. These rocks a r e  best exposed north of Sonoma on Shocken 
Hill and along t h e  ridge west of Norrbom Road and south of Mission Highlands. Also, they 
a r e  exposed in Fe t te rs  Hot Springs and Agua Cal iente  beneath t h e  St. Helena rhyolite. 
St. Helena Rhyolite. The St. Helena rhyolite is composed mostly of welded rhyolitic 
ash flow tuffs. A common type is a porphyritic gray and pink laminar rock with 
phenocrysts of quartz  and sanadine. Near  t h e  base of t h e  unit is commly found a gray 
perli t ic pitchstone. The rock is porphyritic with phenocrysts of quartz  and feldspar. 
Weathered joint surfaces typically show t h e  laminar texture resulting from collapsed 
pumice fragments  which bend around phenocrysts and l i thic fragments. 
The St. Helena rhyolite is exposed along t h e  east side of Sonoma Valley where i t  has 
been down-faulted by a series of northwest-trending faults. I t  also crops out along t h e  top  
of the  Mayacma Mountains to t h e  east of t h e  area mapped. No exposures a r e  found in t h e  
Sonoma Mountains on t h e  west side of Sonoma Valley. 
Glen Ellen Formation 
The Glen Ellen Formation comprises poorly sor ted alluvial clays, silts, sands and 
gravels in lenticular beds. Containing abundant clasts of andesite and obsidian, t h e  
formation was derived from erosion of t h e  Sonoma Volcanics. N o  fossils have been found 
in t h e  Glen Ellen Formation. Weaver (1949), considered t h e  Glen Ellen to unconformably 
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overlie t h e  Sonoma Volcanics and hence, to b e  Pleistocene in age. Kunkel and Upson 
(1960) state t h a t  t h e  Glen Ellen Formation interfingers with t h e  uppermost beds of t h e  
Sonoma Volcanics and is late Pliocene t o  Pleistocene in age. Exposures of Glen Ellen 
Formation occur in the  northern and western Sonoma Valley and along Sonoma Creek 
north of Sonoma. 
Huichica Formation 
The Huichica Formation is composed of alluvial beds derived from t h e  erosion of 
Sonoma Volcanics. Comprising gravels, sands, clays, and reworked tuffs, t h e  deposits res t  
unconf ormably upon t h e  Sonoma Volcanics. Exposures of Huichica Formation occur in 
southeastern Sonoma Valley. Based on i t s  stratigraphic position and similar lithology, i t  i s  
probably Pleistocene in a g e  and equivalent to at least  t h e  upper part  of the  Glen Ellen 
Formation. 
Structure  
The s t ructure  of t h e  a r e a  is dominated by northwest-trending folds and faults. The 
Sonoma Valley is a graben-like s t ructure  bounded by northwest-trending, normal faults. 
The St. Helena rhyolite, which is exposed along t h e  crest of t h e  Mayacmas Mountains, is 
dropped by a series of normal faul ts  to t h e  valley floor on t h e  east side of Sonoma Valley. 
On the west side of t h e  valley, t h e  Petaluma Formation and Sonoma Volcanics a r e  uplifted 
to  form the Sonoma Mountains. 
A major fault, which runs the  length of Sonoma Valley, was located by geophysical 
techniques. For the  most part, t h e  faul t  is buried by alluvium. Near Lake Suttonfield, on 
the  Sonoma S t a t e  Hospital grounds, t h e  faul t  is exposed between Glen Ellen Formation on 
t h e  west side and Sonoma Volcanics on t h e  east. The sense of motion, west-side-down, i s  
consistent with subsurface geophysical interpretation. Similarly, in t h e  vicinity of Boyes 
Hot Spring and Fetters Hot Springs, Glen Ellen Formation is exposed in Sonoma Creek on 
t h e  west side of t h e  faul t  and Sonoma Volcanic rocks a r e  found beneath t h e  alluvium on 
t h e  east side. 
The importance of this  faul t  to geothermal occurrence is emphasized by t h e  fact t h a t  
there  is a n  alignment of thermal wells and springs located along t h e  fault, mainly on t h e  
east side. P l a t e  1 shows t h e  relationships of t h e  thermal  occurrences to t h e  fault .  The 
faul t  may be a conduit for t h e  warm water and/or a ground water  barrier for t h e  warm 
water  aquifer. 
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Ground water occupies and percolates (if not  confined) through the  pore spaces  in 
water-bearing formations from zones of recharge toward zones of discharge. When 
geothermal fluids enter  a ground water hydrological system either by ascending from 
depth along faul ts  and fractures  or  from a lateral  source, their  movement is controlled by 
t h e  same aquifer characterist ics tha t  govern fresh ground water movement. The 
knowledge of the behavior and characterist ics of ground water  in a n  area known to 
contain geothermal springs and near surface warm water  aquifers may provide some 
insight into such geothermal reservoir characterist ics as areal distribution, volume, depth 
to geothermal fluids, direction of fluids movement, and water  quality. In t h e  Sonoma 
Valley a r e a  t h e  complex geologic s t ructure  and stratigraphy result  in discontinuous, 
lenticular aquifers intercalated witn nonwater-yielding units. 
The major ground water  studies of t h e  Sonoma Valley a r e a  a r e  Clark (1919), Kunkel 
and Upson (1960), Ford (1975), and Herbst (1982). 
Hydrologic Properties 
The oldest geologic unit in t h e  Sonoma Valley a r e a  is t h e  Franciscan Complex of 
Jurassic and Cretaceous age. This consolidated rock complex contains water  only in 
fractures. Aquifer continuity in t h e  Franciscan Complex depends on t h e  ex ten t  t h a t  t h e  
fractures  are interconnected. In essence, this unit has almost no specific yield, but  
Herbst  (19821, assigns a specific yield of less than t h r e e  percent and states t h a t  t h e  water  
quality when developed from this formation is of poor quality in thermal areas. 
The Petaluma, Glen Ellen, and Huichica Formations (described in t h e  previous 
geologic set t ing section) have generally low but  varying specific yields. All are assigned 
specific yields of three  to seven percent by Herbst (1982). Water is of ten confined 
(artesian) in these formations. The water quality is generally good, but  not as good as 
water  developed from t h e  alluvium and alluvial fan deposits of t h e  valley. 
The Pleistocene and Holocene alluvial fan deposits and alluvium deposits of t h e  
central  and upper Sonoma Valley a r e  t h e  best aquifers. Their specific yields are variable, 
but range from moderate to high. Herbst (19821, assigned a specific yield of 3-15 percent 
for alluvium deposits and 8-17 percent for t h e  alluvial fan deposits. Althought these a r e  
generally thin deposits, these units are t h e  principal sources of fresh water in Sonoma 
Valley. The ground water is unconfined moving inward from t h e  sides of Sonoma Valley 
and southward down t h e  valley. Excess ground water  discharges into Sonoma Creek and 
into t h e  t idal  sloughs tributary to San Pablo Bay. 
The geologic unit tha t  appears to have a direct  bearing on t h e  hydrology of 
geothermal fluids in Sonoma Valley is the  Pliocene Sonoma Volcanics. This unit is a thick 
interbedded sequence of discontinuous andesite and basalt  flows, tu f f ,  welded t u f f ,  
breccia, pumice, scoria, and volcanic sediments with minor intrusive igneous rocks. The 
volcanic flow rocks are essentially nonwater-yielding with water contained only in 
fractures.  Wells t h a t  penetrate  t h e  unwelded tuffs, scoria, and volcanic sediments a r e  
of ten good water producers, yielding moderate-to-large quanities of water of ten as much 
as several  hundred gallons per minute (Kunkel and Upson, 1960). Therefore, a specific 
yield collectively assigned to t h e  formation must b e  highly variable. Herbst (1982) reports 
t h e  specific yield is 0-15 percent. Ground water in the  Sonoma Volcanics is frequently 
confined or semi-confined. The temperature  of water  from some wells known to b e  
drilled in t h e  Sonoma Volcanics in t h e  valley ranges from 18OC (65°F) t o  more than 43°C 
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(110OF) (Kunkel and Upson, 1960). Although no drilling logs of t h e  warm wells in t h e  
Sonoma area are readily available, it is  likely t h a t  most, if not  all, of t h e  warm water  
wells are in units of t h e  Sonoma Volcanics (Chapman and Chase, 1982). 
Kunkel and Upson (1960) state t h e  source of water  in t h e  Sonoma Volcanics 'I. . .is 
precipitation on t h e  outcrop area ,  infiltration of water  from s t r eams  tha t  flow over  t h e  
outcrop area, and probably, in some places where t h e  head is low and confinement is not 
complete, downward seepage of water  from t h e  overlying formations." I t  seems also 
likely tnat some water  probably en te r s  t h e  upper permeable units by upward movement of 
deeper confined geothermal fluids along faul ts  and fractures.  
Herbst  (1982) declared t h a t  i t  was not possible to determine t h e  ex ten t  of aquifer 
continuity nor to determine a volume of water  s torage  in units of t h e  Sonoma Volcanics 
because of t h e  variable geology. However, in discussing t h e  hydrological system as a 
whole, Herbst (1982) says t h a t  t h e  volume of ground water  s tored in the  Sonoma Valley has  
not changed much over time. 
Conclusions 
Geothermal fluids in t h e  Sonoma Valley appear  to  b e  predominantly produced from 
permeable units of t he  Sonoma Volcanics. The predominate source of warm water  i s  
probably deep circulation of precipitation and runoff in t h e  outcrop a reas  of t h e  
Mayacmas Mountains east of t h e  Sonoma Valley and t h e  Sonoma Mountains west of 
Sonoma Valley. Artesian flow of geothermal  wells is due to penetration of confined and 
semi-conf ined permeable aquifers usually in t h e  Sonoma Volcanics. When geothermal 
waters  en te r  the  near sur face  hydrological system of Sonoma Valley, their  movement is 
t h e  same  as for fresh water; inward toward t h e  center of t h e  valley and southward down 
the  valley. This general  movement t rend  is locally perturbed by subsurface s t ruc tura l  
water  barriers such as faults. I t  is impossible with t h e  cur ren t  d a t a  to e s t ima te  t h e  
volume of water  within t h e  units of t h e  Sonoma Volcanics and therefore  t h e  volume of 
geothermal  resources available in Sonoma Valley is uncalculatable. 
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Geophysical surveys were undertaken by t h e  California Division of Mines and Geology 
(CDMC) as a part  of t h e  Sonoma Valley geothermal investigation in order to provide 
additional information concerning t h e  geothermal resources in t h e  area. A regional 
gravity map (Chapman and Bishop, 1974), aeromagnetic maps (U.S. Geological Survey, 
1974% 1974b), and a geophysical study consisting of detailed ground magnetic, gravity, and 
electrical  resistivity surveys (Chapman and Chase, 1982) were already available for a l l  or 
par ts  of the  area. Therefore, CDMG's geophysical work consisted for t h e  most par t  of 
additional relatively detailed ground magnetic, gravity, and seismic refraction surveys. A 
discussion of each of these surveys and their interpretations follows. 
Gravity Survey 
PurDose 
Gravity measurements provide information both on t h e  regional geology and on local 
geologic features t h a t  might b e  related to t h e  geothermal resources in t h e  Sonoma Valley 
area. Both Franciscan rocks and some units of t h e  Sonoma Volcanics might have 
relatively high densities in comparison with alluvium and other sediments and sedimentary 
rocks in this a r e a  (Chapman and Bishop, 1974, p. 3). Thus, these rock units might be 
mapped by gravity methods. Additional gravity measurements were made during this 
investigation to supplement those available from earlier studies and to provide both be t te r  
regional coverage and more detail  in t h e  area. 
Equipment and Field Procedure 
Gravity measurements were made in t h e  Sonoma Valley a r e a  using La Coste and 
Romberg geodetic meter  G 129. Elevations were obtained on detailed lines by surveying. 
Regional stations were read at spot elevations on US. Geological Survey 7-1/2 minute 
topographic maps. All gravity stations were referenced to a gravity base established at a 
bench mark near Sonoma S t a t e  Hospital, which was referenced, in turn, t o  s ta t ions of t h e  
California Division of Mines and Geology gravity base station network (Chapman, 1966). 
Eleven lines of gravity traverses totaling about 24 km (15 miles) in length were obtained 
at a station spacing interval mostly of 122 rn (400 feet) (Plate  3). In addition, 24 new 
stations were established at spot elevations in t h e  a r e a  for regional coverage. Those 
gravity traverses and stations are in addition to eight traverses totaling 13.7 km (8.5 
miles) in length and 20 regional stations obtained during an  earlier s tudy  (Chapman and 
Chase, 1982). 
Gravity Data  
All gravity da ta  were reduced to complete  Bouguer anomalies for a density of 2.67 
g/cm3 and referenced to t h e  International. Ellipsoid of 1930. Terrain corrections were 
made manually out  to a radius of 2.29 km from each station, and to a radius of 166.7 km 
(100 miles) by means of a US. Geological Survey computer program (Plouff, 1977). P l a t e  
3 is the  Bouguer gravity map of t h e  area contoured at a n  interval of one milligal (mgal). 
This map includes all of the  gravity d a t a  available in t h e  area. Profiles of t h e  detailed 
gravity traverses are shown in Figures 2-19. 
P l a t e  3 and t h e  regional gravity map by Chapman and Bishop (1974) show a broad, 
northwest-trending gravity low in t h e  southern par t  of Sonoma Valley. This anomaly 
becomes narrower north of t h e  City of Sonoma, but i t  continues t o  t h e  vicinity of Agua 
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Caliente and Fe t te rs  Hot Springs. Based on sca t te red  stations, from this point t h e  gravity 
low trends northeastward into t h e  hills on t h e  northeast  side of Sonoma Valley. A 
northeast-trending positive anomaly crosses t h e  a r e a  near t h e  town of Glen Ellen. This 
anomaly bounds t h e  negative anomaly on t h e  northwestern side. Northwest of Glen Ellen 
another northwest-trending negative anomaly marks Kenwood Valley (Plate  3). 
InterDretation of Gravitv Data  
The prominent negative gravity anomalies associated with Sonoma and Kenwood 
Valleys on Plate 3 apparently represent s t ructural  basins t h a t  may be separated by a 
northeast-trending buried ridge near Glen Ellen. This possible ridge may b e  Franciscan 
basement rocks or possibly dense units of t h e  Sonoma Volcanics. A positive aeromagnet ic  
anomaly t h a t  corresponds approximately with t h e  gravity anomaly in this a r e a  suggests 
tha t  this ridge may consist at least  in par t  of Sonoma volcanics (Plate  5). 
Superimposed on t h e  large scale gravity features  a r e  some relatively local anomalies 
tha t  may correspond with geologic structure and, possibly, with geothermal resources. 
The detailed gravity profiles t h a t  define t h e  local anomalies a r e  located between Glen 
Ellen, on t h e  north, and S t a t e  Highway 121, on t h e  south. These profiles cross par ts  of 
Sonoma Valley, mostly along east or  northeast-trending lines. Most of t h e  profiles t h a t  
cross t h e  eastern side of Sonoma Valley show a local anomaly t h a t  has t h e  form of a small  
s t e p  (eastern side up) on t h e  regional gravity gradient. This s t e p  ranges in amplitude up t o  
about 0.75 mgal. The anomaly is especially apparent near station 44 on line L-L' (Figure 
S), station 4 on line 1-1' (Figure 6 ) ,  station 3 on line H-H' (Figure 4 )  and station 10 on  line 
N-N'  (Figure 10). This anomaly can be interpreted as a fault where a relatively dense bed 
or layer is offset downward to the  west, although there  may be  other  possible 
interpretations. South of line N-N', th is  anomaly ei ther  terminates  or i t  is shifted to t h e  
east approximately 610 m (2,000 feet) (Plate 3). This apparent offset  suggests a possible 
faul t  south of l ine N-N' with a n  east or northeast  trend. The offset portion of t h e  
anomaly apparently continues toward t h e  south at  least  as fa r  as line P-P' and R-R' (Plate  
3 and Figures 12-13), t h e  southernmost gravity lines. A slightly curved dashed l ine 
marking t h e  approximate location of t h e  faul t  on t h e  eastern side of Sonoma Valley 
(labelled "east side" fault)  is shown on P l a t e  3. 
In t h e  vicinity of lines H-H' (Figure 4), J-J' (Figure 7), and V-V' (Figure 17) t h e  
possible "east side" faul t  is close to t h e  locations of t h e  warm wells at Agua Caliente,  
F e t t e r s  Hot Springs, and Boyes Hot Springs. The faul t  is also close t o  a warm well on t h e  
Sonoma S t a t e  Hospital property (Line L-L', Figure 8). All of these wells apparently a r e  
located within a distance of a few hundred feet east of t h e  proposed fault. 
A graphical residual anomaly was constructed for t h e  gravity anomaly on line H-H' 
(Figure 5). Based on t h e  residual anomaly, es t imates  were made for t h e  depth t o  t h e  
center  of t h e  source and t h e  thickness (offset), assuming a simple vertical  fault, using t h e  
method of Net t le ton (1976, p. 194-195). A density cont rac t  of 0.6 g/cm3 was assumed 
for t h e  difference between t h e  Sonoma Volcanics and alluvium. The fault  model obtained 
was then used to calculate a gravity anomaly by means of a two-dimensional gravity 
program (Haines and Campbell, 1979). The resulting calculated gravity anomaly is shown 
in Figure 5 for comparison with t h e  residual gravity profile. The depth to t h e  dense 
Sonoma Volcanics east of t h e  faul t  was found to b e  about 76 m (250 feet), and t h e  
apparent vertical  offset on the  fault ,  also about 76 m (250 feet) (Figure 5). The figure on 
depth and offset  a r e  only approximate, and i t  may b e  t h a t  t h e  depth of burial of units of 
the Sonoma Volcanics east of the  f a u l t  is less than this if t h e  density contrast  is smaller. 
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The gravity anomalies on sohe of t h e  other  lines such" as L-L' (Figure 8) and N-N '  
(Figure 10) a r e  similar in shape and amplitude to t h e  anomaly on line H-H'. Fault  models 
for these anomalies probably would be very similar to tha t  shown in Figure 5. The 
anomalies on most of t h e  remaining profiles a r e  smaller in amplitude, however, and 
models for these probably would have smaller fault  offsets. 
Profiles W-W' and K-K' (Plate  3 and Figures 4 and is), on t h e  west side of Sonoma 
Valley, each show a locally-steep gravity gradient t h a t  could represent a fault ,  possibly 
t h e  same one. There is insufficient geophysical d a t a  to indicate whether or not this 
possible faul t  continues toward t h e  north. The gradient on profile K-K' (between station 
36 and 39), however, is close to two possible north-trending faul ts  mapped by Fox and 
others (1973). Also, s teep  gradients on profile U-LT' and T-T' (Plate  3 and Figures 15 and 16) 
could represent a northeast-trending branch of this or another fault. Profile Y-Y' (Plate  3 
and Figure 19), located along S t a t e  Highway 12, also has two s teep  gravity gradients tha t  
could represent faults t h a t  a r e  shown on Pla te  3. 
Profile F-F' (Plate 3 and Figure 2) has a s t e e p  gravity gradient located approximately 
between stations 8 and 11, just east of Calabazas Creek in Glen Ellen. This gradient may 
confirm t h e  concealed north-trending faul t  shown in t h e  a r e a  by Fox and others  (1973). 
The narrow, northwest-trending, negative gravity anomaly shown in t h e  vicinity of Glen 
Ellen on Pla te  3 may represent a downfaulted block or graben between this possible faul t  
and t h e  "east side" faul t  on t h e  eastern par t  of profile F-F'. The possible faul t  between 
Stations 8 and I 1  on profile F-F' might project southward to a similar gradient near 
station 48 on profile L-L' (Figure 8), but it is difficult to trace beyond this line. I t  is 
possible, however, t h a t  this fault trends southward along t h e  west side of t h e  valley, and 
i t  could conceivably correlate  with t h e  possible fau l t  shown on lines K-K' (Figure 4), and 
W-W' (Figure 18). 
Profile L-L' (Figure 8), also shows a sharp, local gravity gradient near s ta t ion 55 at 
t h e  base of a hill on t h e  west s ide of Sonoma S t a t e  Hospital. This gradient could 
represent a fault ,  but t h e  hill is composed of low-density rocks of t h e  Glen Ellen 
Formation and t h e  Petaluma Formation which might also cause this anomaly. 
Most of t h e  known geothermal resources in t h e  Sonoma Valley a r e a  are found on t h e  
northeast  side of t h e  valley apparently east of t h e  possible "east side" fault. Warm water  
having a temperature  of about 52OC (125OF) has also recently been reported in volcanic 
rocks at a depth of about 442 m (1,450 feet) in a drill hole at Sonoma S t a t e  Hospital. 
Whether this la t te r  occurrence of a possible geothermal resource is re lated to nearby 
faults or whether i t  characterizes t h e  Sonoma Volcanics unit in this par t  of t h e  area is not 
known. If geothermal resources are found in other  par ts  of t h e  valley, however, some of 
t h e  possible structures mentioned above may also prove to be important. 
Residual gravity values for a par t  of t h e  Sonoma Valley a r e a  were obtained by 
subtracting a smoothed regional gravity map from a map of t h e  Bouguer gravity values 
(Plate  3). Pla te  4 is t h e  resulting residual gravity map contoured at a n  interval of 0.2 
mgal. Because t h e  regional trends have been removed from t h e  d a t a  of P l a t e  4, t h e  local 
anomalies a r e  more apparent on this map. The approximate locations of possible faul ts  in 
this par t  of Sonoma Valley, based on geophysical data ,  are also shown on Plate 4. 
One of the most prominent features  of t h e  residual gravity map is t h e  proposed "east 
side" fault ,  which generally marks t h e  transition between positive residual anomalies, on 
t h e  east, and negative residual anomalies, on t h e  west. Another fea ture  is t h e  narrow 
4 3  
northwest-trending negative anomaly east of Glen Ellen and Sonoma S t a t e  Hospital t h a t  
may represent a graben between the  "east side" faul t  and another subparallel fault t o  t h e  
west. 
Magnetic Surveys 
Purpose 
Measurements of t h e  earth's magnetic field a r e  of ten useful in studies of the geology 
of a reas  t h a t  have relatively magnetic rock units. Units of t h e  Sonoma Volcanics, some of 
which a r e  known to b e  magnetic, are exposed in extensive areas around Sonoma Valley and 
probably underlie parts of t h e  valley. Therefore, i t  is possible tha t  some of these units 
can be mapped by magnetic geophysical methods. 
Published aeromagnetic maps (U.S. Geological Survey, 1974a, 1974b) include t h e  
Sonoma Valley area. These maps provide an  overall view of t h e  magnetic anomalies in t h e  
vicinity. Ground magnetic d a t a  were also obtained during this study in order to  provide 
more detailed information. 
Aeromarrnetic Data  
The aeromagnetic maps (U.S. Geological Survey, 1974a, 1974b, and P l a t e  5 )  indicate 
tha t  there  a r e  large magnetic anomalies in t h e  Sonoma Valley area. Relatively local 
features  include a north-trending positive anomaly mostly over exposures of Sonoma 
Volcanics east of t h e  central  par t  of Sonoma Valley, and an adjoining negative anomaly 
t h a t  includes par t  of the  valley and some of the  hills on t h e  western side. The s teep  
magnetic gradient tha t  trends approximately north between t h e  two anomalies may 
represent a contact  on t h e  eastern side of the  valley. This contac t  may separa te  Sonoma 
Volcanics, on t h e  east, from sediments or sedimentary rocks on t h e  west, in at least  par t  
of t h e  area. Tnese anomalies extend southward with a smaller amplitude to a point about 
1.6 km (1 mile) southwest of t h e  City of Sonoma, so Sonoma Volcanics may b e  present 
within t h e  valley here. There is also a local positive gravity anomaly in t h e  s a m e  general  
area (Plate  3). Near Glen Ellen, a postive aeromagnet ic  anomaly crosses Sonoma Valley 
in a direction just south of east. This anomaly may correspond with t h e  gravity anomaly 
t h a t  crosses t h e  valley in t h e  same general  area,  although there  a r e  some differences in 
t h e  locations and trends of t h e  two anomalies. These anomalies could be caused by 
buried, dense and magnetic volcanic rocks. The aeromagnetic d a t a  are not sufficiently 
detailed, however, to be of much use for a study of t h e  geothermal resources of t h e  area. 
Equipment and Field Procedures for Ground Survey 
Approximately 9.8 km (6.1 miles) (5 profiles) of total-intensity ground magnetic 
traverses were obtained by CDMG in t h e  Sonoma a r e a  during this survey. This is in  
addition to 8.6 km (5.4 miles) (6 profiles) of similar d a t a  obtained in the  same general  a r e a  
during an earlier survey (Chapman and Chase, 1982). All of these d a t a  were obtained with 
a Geometrics model 8 16 proton-precession magnetometer,  which has a reading sensitivity 
of one gamma. Stations along lines were spaced at intervals of 30 m (100 feet), usually 
estimated by pacing. On these profiles, it was necessary to avoid cultural  features,  such 
as pipes and all kinds of iron and steel objects t h a t  cause magnetic interference. Because 
of this problem, it was not possible to obtain usable d a t a  in much of t h e  area, including 
the  grounds of Sonoma S t a t e  Hospital and t h e  vicinity of t h e  known geothermal resources 
at Boyes Hot Springs, Agua Caliente,  and Fetters Hot Springs. 
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Intermetat ion of Ground Magnetic Data  
The ground magnetic d a t a  were plotted in profile form and t h e  locations of t h e  lines 
are shown on Pla te  3. Most magnetometer lines follow northeast-trending roads and trails 
although a few follow roads t h a t  parallel t h e  trend of t h e  valley. The lines were run on 
both sides of t h e  valley, in order t o  locate  possible faul ts  and other  geologic s t ructures  
that  might be related to geothermal resources. 
Magnetic profiles C-C' (Figure 3), K-K' (Figure 41, W-W' (Figure 18), U-U' (Figure 161, 
MA-MA' (Figure 20), MB-MB' (Figure 21), and MC-MC' (Figure 22) are located at least  in 
par t  on t h e  west side of Sonoma Valley (Plate 3). Some of these profiles, including G-GI, 
K-K', and MB-MB' a r e  relatively featureless, probably because volcanic rocks ei ther  a r e  
not present or are deeply buried in this part  of t h e  area. Magnetic values decrease near 
the  western end of profile K-K' and show irregular anomalies near t h e  western end of 
profile MA-MA', however, close to the  location of units of t h e  Sonoma Volcanics. 
Magnetic profile W-W' (Figure 18), in particular, and possibly profile MC-MC' (Figure 221, 
show evidence for t h e  presence of a fault t h a t  offsets units of t h e  Sonoma Volcanics on 
t h e  west side of t h e  valley (Plate 3). 
P a r t s  of magnetic profiles S-Sf, C-GI, and 1-1' a r e  located on t h e  eastern side of 
Sonoma Valley. These lines each cross t h e  possible east side faul t  indicated by t h e  gravity 
data. Profile 1-1' (Figure 6 ) ,  shows anomalies indicating at least  one major fault  and 
possibly as many as two others. Profile S-S' (Figure 14) also shows a possible anomaly 
near the  proposed fault ,  but t h e  magnetic field east of t he  fault  is lower ra ther  than 
higher unlike profile H I ,  which suggests a possible reversal in magnetic polarity. Profile 
G-C' (Figure 3) does not show a clear indication of a faul t  except  for one small positive 
anomaly located a few hundrea feet east of t h e  proposed fault. The geologic map by Fox 
and others  (1973) shows t h a t  t h e  eastern end of profile 1-1' is over andesite, which is of ten 
a strongly magnetic rock, but profiles C-C' and S-S' apparently are over rhyolite, which 
frequently is not a strongly magnetic rock. This may explain why t h e  faul t  is much more 
apparent on profile 1-1' than it is on t h e  other  two profiles. A striking fea ture  of profiles 
1-1' and S-SI, however, is t h e  change in character  of t h e  magnetic profile from irregular 
east of t h e  possible fault ,  t o  essentially flat, west of t h e  fault. This change in charac te r  
suggests t h a t  west of t h e  possible faul t  t h e  volcanic rocks a r e  either deeply buried or not 
present at ail. 
Profile Y-Y' (Figure 19 and P l a t e  31, which trends west of north along S t a t e  Highway 
12, and profiles T-T' and U-U' (Figures 15 and 16 and Plate 3), which have similar trends 
but are located west of t h e  proposed "east side" fault, show anomalies tha t  correspond, in 
part, to gravity anomalies on t h e  s a m e  lines. These anomalies tend to corroborate some 
of t h e  faul ts  or contacts  suggested by t h e  gravity data.  
Seismic Refraction Surveys 
PurDose 
The seismic refraction method was used in t h e  Sonoma Valley a r e a  primarily to 
determine whether or not t h e  location of t h e  proposed "east side" fault  could b e  
confirmed by a different geophysical method. Also, seismic velocities are useful for 
identifying t h e  types of rock present in t h e  subsurface. Therefore, these d a t a  were 
needed to help interpret  t h e  other geophysical d a t a  in t h e  area,  particularly near t h e  
known geothermal resources. 
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EauiDment and Field Procedure 
Seismic refraction measurements were made in t h e  Sonoma Valley area by means of a 
Geometrics model ES-12 10, 12 channel signal enhancement instrument. The energy 
source was a 163 kgm (360 pound) weight which was allowed to fall about 1.1 m (3-1/2 
feet) to a steel plate on the  ground. A geophone cable  168 m (550 feet) long with 5.2 m 
(50-foot) geophone intervals was used. Multiple drops of t h e  weight were necessary t o  
provide sufficient energy to record reliable f i rs t  arrival d a t a  at all geophones. The  weight 
was dropped at each end of t h e  geophone spread to provide a reversed seismic refraction 
record. Af te r  completing measurements at one geophone spread, t h e  cable  was moved 
along 168 m (550 feet) to provide a continuous line of data. 
Seismic Data  
Seismic refraction profiles were run along lines 1-1' and V-VI, on t h e  east side of 
Sonoma Valley, near t h e  location of t h e  proposed "east side" faul t  (Plate  3). Line V-VI 
(Figure 17) is located just north of t h e  warm wells at Agua Cal iente  and F e t t e r s  Hot 
Springs, and line 1-1' (Figure 23), is located about one mile to t h e  northwest. Both of these 
lines have associated gravity profiles, but only line 1-1' also has a corresponding magnetic 
profile and a dipole-dipole resistivity section (Figure 6). 
Seismic line 1-1' (Figure 23) consists of 5 geophone spreads each 168 m (550 feet) long, 
a to ta l  lengtn of 838 m (2,750 feet). The seismic refraction d a t a  in t h e  figure indicate a 
thin, near-surface layer tha t  ranges in seismic velocity from about 244 m/sec. (800 feet 
per second (fps)) to 366 m/sec. (1200 fps). Below t h e  sur face  layer in some places a r e  
local layers of limited horizontal ex ten t  having seismic velocities of either 610 m/sec. 
(2000 fps) or 1067 m/sec. (3500 fps). The 610 m/sec. (2000 fps) layer, located at t h e  
western end of t h e  line, is about 6.1 m (20 feet) thick and could represent dry fine-grained 
flocd plain deposits. The 1067 m/sec. (3500 fps) layer, located near t h e  cent ra l  par t  of t h e  
seismic section, has a maximum thickness of about 9.1 m (30 feet). This layer may consist 
of dry alluvium or gravel. 
On t h e  eastern side of seismic section MI, east of the  "east side" fault, t h e  layer 
directly below t h e  near-surface layer has a velocity of about 1524 m/sec. (5000 fps). This 
layer ranges in thickness from zero to about 21 m (70 feet), and i t  may represent water 
saturated sediments and/or volcanic rocks t h a t  probably consist largely of tuffs  a n a  
breccias. West of the  approximate location of t h e  "east side" faul t  t h e  equivalent layer 
has a seismic velocity close to 1829 m/sec. (6000 fps), so i t  is l ikely t h a t  these two layers 
consist of somewhat different material. 
East  of t h e  fault, a layer with a seismic velocity of about 2438 m/sec. (8000 fps), was 
found below t h e  1524 m/sec. (5000 fps) layer. This is t h e  deepest seismic refractor  found, 
and i t  may represent relatively dense volcanic rocks, possibly including some flows. This 
layer was not found west of t h e  "east side" fault ,  so it is e i ther  absent, or  i t  has been 
offset downward below t h e  depth where it could b e  detected.  
Three areas of possible fault ing are shown on seismic section 1-1'. The most 
significant of these probably is t h e  apparent offset of seismic refractors  near station 4 
(Figure 23). This location is within 23 m (75 fee t )  of t h e  location shown for t h e  "east side" 
fault ,  which was postulated from gravity data. Possible faul ts  are also shown on t h e  
seismic section near station I and just west of s ta t ion 2. Both of these possible faul ts  a r e  
located east of t h e  "east side" fault, and both offset t h e  2438 m/sec. (8000 fps) refractor.  
The associated gravity and magnetic profiles (Figure 5) also show anomalies t h a t  can b e  
interpreted as faults in these locations. 
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Seismic line V-V' (Figure 17) is located just north of t h e  warm wells at Agua Cal iente  
and Fetters Hot Springs. This line consists of two 168 m (550 fee t )  geophone spreads, a 
total length of 335 m (1,100 feet) .  The seismic d a t a  shown in Figure 17 indicate three  
layers including a thin, near-surface layer with a velocity of about 366 m/sec. (1200 fps), 
and underlying layers having seismic velocities of 1676 m/sec. (5500 fps) and 2438 m/sec. 
(8000fps), respectively. These layers a r e  similar to t h e  principal seismic layers found on 
line 1-1'. N o  layers having seismic velocities intermediate  between 366 m/sec. (1200 fps) 
and 1676 m/sec. (550 fps) were found on this line, however. 
The seismic section for line V-VI (Figure 17) also shows two possible faults: one at 
station 6 near the  west end of t h e  section, and t h e  other jus t  east of station 4. The faul t  
near s ta t ion 6 is within 23 m (75 feet) of t h e  location of t h e  postulated "east side" fault 
based on gravity data. As on line I-I#, t h e  2438 m/sec. (8000 fps) refractor  was not  found 
in t h e  section west of t h e  possible "east side" fault. Therefore, this seismic layer e i ther  is 
not present, or i t  has  been of fse t  downward below t h e  point where i t  could b e  identified 
by the seismic data. 
The possible faul t  located just east by Station 4 on line V-V' apparently offsets  t h e  
2438 m/sec (8000 fps) seismic refractor about 18 m (60 fee t )  downward to t h e  west. Also, 
there is no 1676 m/sec (5500 fps) layer in t h e  section east of this fault. The gravity 
profile on l ine V-V' (Figure 17) shows anomalies t h a t  also can b e  interpreted as faul ts  in 
t h e  same areas  as those indicated by t h e  seismic data. 
Electrical Resistivity Surveys 
Purpose 
The presence of hot geothermal waters  and possible related rock alteration products 
frequently cause geothermal reservoirs to be characterized by low values of electr ical  
resistivity. The known geothermal resource in t h e  Sonoma area, however, may not have a 
temperature  high enough to cause a distinct resistivity anomaly. Nevertheless, e lectr ical  
resistivity d a t a  might b e  of help in delineating possible reservoirs in t h e  Sonoma a r e a  
either by locating t h e  volcanic rocks t h a t  may be t h e  reservoirs, or by locating possible 
alteration zones t h a t  may be associated with t h e  reservoirs. Unfortunately, much of t h e  
area near t h e  known geothermal resources at Boyes Hot Springs, Agua Caliente, and 
Fe t te rs  Hot Springs is highly developed. As a result, use of t h e  electrical  resistivity 
equipment close t o  those a reas  was limited. 
Equipment and Field Procedure 
The equipment used for t h e  electrical  resistivity survey consists of a Geotronics 
model FT-4 transmitter with an output ra ted at 4 amps and 800 volts (3.2 KVA). The 
power supply, also furnished by Ceotronics, is a model 8-2 engine generator with an 
output of 5 KVA at 400 Hz. A Bison signal enhancement receiver was also used. 
The resistivity survey in t h e  Sonoma area consisted of two dipole-dipole resistivity 
lines and three  Schlumberger soundings. In t h e  sounding technique, an  electrode 
configuration is expanded about a central point in order to measure progressively deeper 
values of electrical  resistivity. The results are plotted as a curve  showing resistivity as a 
function of electrode spacing (AB/2) or depth. In t h e  dipole-dipole survey, t h e  dipole 
interval used was 61 m (200 feet), and t h e  receiver was usually moved out  f rom a 
t ransmit ter  dipole-receiver dipole distance (N) of N = l  (61m/200 feet) t o  N=7.  The 
transmitter dipole consisted of one or two electrodes at each end, which were thoroughly 
wet with sa l t  water. After  completion of one series of measurements along t h e  line from 
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N = l  to N=7, t h e  transmitter usually was moved along t h e  line 183 m (600 feet) and a new 
series begun. The dipole-dipole resistivity values were plotted in t h e  form of a 
pseudosection for interpretation. All resistivity measurements were made at a frequency 
of one Hz. 
Interpretation of Resistivity Data  
Dipole-dipole profiles. Dipole-dipole resistivity profiles were run along two of t h e  
gravity and magnetic profiles, S-S' and 1-1' (Plate 4). Both of these profiles cross t h e  trace of t h e  tleast-$det' faul t  suggested by other geophysical techniques. The resistivity 
pseudosections for profiles S-S' and 1-1' a r e  shown in Figures 14 and 6 ,  respectively. 
Resistivity values on t h e  pseudosections a r e  contoured at an  interval of 10 ohm-feet. 
Dipole-dipole line 1-1' (Figure 6 )  has a total length of 1097 m (3,600 feet). The 
pseudosection shows relatively high values of resistivity (approximately 100 ohm-feet) on 
t h e  eastern end, but most of t h e  rest  of t h e  section is characterized by relatively low 
values. The high values of resistivity probably a r e  caused by andesite (Sonoma Volcanics) 
t h a t  crops out  near t h e  eastern end of t h e  line. The change in resistivity values in this 
a r e a  may correspond to a possible faul t  shown on t h e  seismic section (Figure 23). 
Between t h e  location of t h e  possible "east side" fault  (near station 18) and t h e  high 
resistivity values at t h e  eastern end of t h e  line, t h e  resistivity values average about 40 
ohm-feet. West of station 18, however, resistivity values average about 30 ohm-feet. 
Thus, there  is a small, but  distinct, change in resistivity values near t h e  proposed "east 
side" fault. The slightly higher values to t h e  east of t h e  "east side" fault  may indicate t h e  
presence of volcanic rocks in t h e  section, but these rocks must be either weathered, 
hydrothermally altered,  or very porous to yield this low value for resistivity. There is no 
apparent increase of resistivity with depth in t h e  pseudosection as might b e  expected if 
t he  low values of resistivity a r e  related to weathering, so i t  is likely tha t  t h e  volcanic 
units consist, in large part ,  of somewhat a l tered water-bearing tuffs  and breccias. The 
somewhat lower values of resistivity to t h e  west may indicate sediments, perhaps 
containing a significant amount of clay. The fact t h a t  t h e  contours of resistivity on t h e  
pseudosection (Figure 6 )  tend to parallel t h e  lines of values taken at each transmit ter  
location may indicate some minor interference from local, near-surface changes in 
resistivity. 
Dipole-dipole line S-St (Figure 14) has a total  length of 975 m (3,200 feet). The values 
of apparent resistivity on this pseudosection a r e  within a relatively small  range (19-45 
ohm-feet). The contours of apparent resistivity in Figure 14 clearly tend t o  follow t h e  
lines of resistivity d a t a  taken at each t ransmit ter  location. As mentioned in t h e  
discussion of pseudosection I-It, this character is t ic  probably means tha t  there  a r e  local, 
near-surface changes in resistivity. The pseudosection for l ine S-S' (Figure 14) shows no 
clear  demarcation between resistivity values on ei ther  side of t h e  proposed fault. 
Evidently, there  is little contrast  in electrical  resistivity between t h e  volcanic units 
believed t o  b e  present at depth on t h e  eastern par t  of this line, and a thick section of 
alluvium and sediments on t h e  western part. 
Neither of t h e  two dipole-dipole lines show t h e  extremely low resistivity values t h a t  
might be associated with a high-temperature geothermal reservoir. The observed values 
a r e  likely to represent either sediments containing a high proportion of clay or al tered 
water-bearing volcanic units. 
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Vertical Electrical  Soundings (VES). The locations of t h e  three  Schlumberger 
soundings a r e  shown on P l a t e  4. .The current  electrode spacings for these soundings were  
expanded to a total distance (AB) of from 488 to 732 m (1,600 to 2,400 feet). The 
resulting sounding curves (Figures 24-26) were f i rs t  approximately interpreted by means 
of t h e  master curves by Orellana and Mooney (1966) and Rijkswaterstaat  (1969). The 
thickness and resistivity values obtained by this method were then used t o  calculate  
theoretical  sounding curves by means of a hand calculator program (Haines and Campbell, 
1980). The final interpreted values of thickness and resistivity shown in t h e  figures are 
t h e  result  of changing some of t h e  parameters  to produce a be t te r  f i t  with t h e  observed 
data. 
The center  of VES I is located about 762 m (2,500 feet) northwest of t h e  warm wells 
at Agua Caliente and Fe t te rs  Hot Springs (Plate 4). This location is about 152 m (500 
feet) west of t h e  faul t  indicated by the  gravity d a t a  in this area. The electrode 
configuration was expanded along a northwest-trending gravel road t h a t  is subparallel to 
t h e  est imated fault  trend. The maximum electrode spacing (AB) was 732 m (2,400 feet). 
The interpretation of this sounding curve (Figure 24) shows a layer with a thickness of 
over 213 m (700 feet), most of which has a relatively low value of resistivity (35-42 
ohm-feet), tha t  overlies a layer with a relatively high resistivity (approximately 750 
ohm-feet). Two shallow, thin layers with resistivity values of 170-175 ohm-feet are also 
identified between t h e  surface and a depth of about 1.3 m (4 feet) and between depths of 
3.7 and 8.5 m (12 and 28 feet), respectively. The shallow layers with t h e  higher resistivity 
might represent water-saturated gravels, and t h e  layers with a lower resistivity might 
represent sediments with a high proportion of clay. The layer with a high resistivity at a 
depth of about 213 m (700 fee t )  might b e  unaltered volcanic rocks or possibly Franciscan 
rocks. 
The center  of VES 2 is located along Highway 12, about 366 m (1,200 feet) northwest 
of the  eastern end of line 1-I', a n  t h e  east side of Sonoma Valley (Plate  4). The maximum 
electrode spacing (AB) for this  sounding was 610 m (2,000 feet). The interpretation of this 
sounding (Figure 25) indicates a surface layer with a resistivity of about 65 ohm-feet. 
Below this layer to a total  depth of at least  46 to 61 m (150 to 200 feet) is a layer with a 
relatively low resistivity of about 36 ohm-feet. This may represent alluvium containing 
clay and/or partially a l tered volcanic rocks. At  a distance AB/2 = 91 m (300 feet) on t h e  
sounding curve, there  is a sharp increase in apparent resistivity tha t  cannot be explained 
by horizontal layering in t h e  subsurface. This anomaly probably is caused by an  exposure 
of andesite (Sonoma Volcanics) located at a distance (AB/2) of about 305 m (1,000 feet) on 
t h e  south end of the profile. 
VES 3 (Plate  4) is centered on t h e  west side of Sonoma Valley along a 
northeast-trending road west of Arnold Drive, a distance of about 457 m (1,500 feet) north 
of Hanna Boys Center. The maximum electrode spacing (AB) on this sounding was 488 m 
(1,600 feet). The sounding curve (Figure 26) is relatively featureless out  to a distance 
(AB/2) of about 91 m (300 f e e t  ) where there  is a sharp rise in apparent resistivity. This 
anomaly cannot b e  explained by horizontal layering, so it probably is caused by 
electrically resistive rocks near t h e  surface at t h e  west end of t h e  electrode 
configuration. The interpretation of t h e  sounding curve  (Figure 26) down to a depth of 
about 91 m (300 feet) indicates thin, near-surface layers with resistivities of 35 ohm- 
feet and 45 ohrn-feet, respectively, underlain by a thick layer with a resistivity of about  
28 ohm-feet. These resistivity values indicate sediments containing clay. The shallow 
layers with sligntly higher values of resitivity may contain more gravel than t h e  deeper 
layer. 
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All  th ree  resistivity soundings, as well as t h e  two dipole-dipole resistivity lines, 
appear to indicate generally low values of resistivity regardless of where in t h e  valley t h e  
measurements were taken. These low values of electrical  resistivity probably indicate t h e  
presence of clay-bearing sediments or a l tered volcanic rocks. There apparently are no 
resistivity anomalies related to t h e  geothermal resources, at least  in t h e  a reas  tes ted,  
and, generally, i t  is not even possible to distinguish between sediments and volcanic rocks 
in the  valley. 
Conclusions and Recommendations 
Geophysical studies in t h e  Sonoma Valley a rea  have provided information t h a t  i s  
useful in t h e  search for additional geothermal resources. This information includes t h e  
identification of some possible faults, some of which appear to b e  related to t h e  
geothermal resources, and the  location of dense and magnetic units of t h e  Sonoma 
Volcanics t h a t  in some cases apparently contain geothermal aquifers. 
Possible faults in t h e  Sonoma Valley area were located by means of gravity, ground 
magnetic, and seismic refraction data. One of these possible faults, t h e  "east side" faul t ,  
is closely associated with t h e  historically known geothermal resources on t h e  northeast  
side of Sonoma Valley. Magnetic and gravity d a t a  were also found to be of value for 
locating buried volcanic rocks t h a t  might serve as reservoirs for geothermal fluids in t h e  
area. A knowledge of t h e  location of both t h e  buried volcanic rocks and t h e  faults in t h e  
a r e a  is important particularly when these a r e  found t o  b e  associated with geothermal 
resources. 
Electrical  resistivity da ta  apparently did not prove to b e  very useful, in general, for 
identification of either geothermal reservoirs or  geologic s t ructure  in t h e  a r e a  tested. 
However, t h e  resistivity d a t a  do show one possible near-surface faul t  also shown by 
seismic refraction data. I t  is possible t h a t  sediments containing clay and ei ther  
weathered or  hydrothermally al tered volcanic rocks have similar resistivities in this area. 
The known geothermal resources in t h e  Sonoma Valley a r e a  a r e  found in wells t h a t  
a r e  believed to be, for t h e  most part  at least ,  in units of t h e  Sonoma Volcanics. A 
majority of these warm wells are located in t h e  upthrown block east of t h e  f a u l t  on t h e  
northeast  side of Sonoma Valley (Plate  I). This faul t  may act as a barrier t o  ground-water 
movement, and/or i t  may provide a pathway to t h e  surface for t h e  warm water. Thus, t h e  
most favorable locations to find additional geothermal resources in t h e  Sonoma Valley 
area appear to b e  in the  volcanic rocks both on t h e  northeast  side of the  "east side" fault, 
and where these rocks may b e  present at greater depth in t h e  valley. Gravity and 
aeromagnetic d a t a  indicate possible volcanic rocks in t h e  valley near Sonoma S t a t e  
Hospital and Glen Ellen and in an  area southwest of t h e  Ci ty  of Sonoma. 
Sufficient geophysical work has been done to def ine t h e  approximate location of t h e  
postulated "east side" faul t  from t h e  vicinity of t h e  Ci ty  of Sonoma, on t h e  south, to t h e  
vicinity of Glen Ellen on t h e  nortn. I t  is recommended t h a t  additional magnetic and 
gravity d a t a  be obtained near Sonoma S t a t e  Hospital, Glen Ellen, and southwest of t h e  
City of Sonoma to provide more detailed information on both t h e  "east side" faul t  and t h e  
buried volcanic rocks in these areas t h a t  might b e  future  sources of geothermal fluids. 
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REGIONAL SEISMICITY OF THE SONOMA VALLEY 
Introduction 
I t  is widely recognized tha t  seismic activity is of ten high in and around t h e  major 
geothermal a reas  of the  world and that ,  in some geothermal areas, there  is a direct  
correlation between seismic activity and fluid withdrawal. The monitoring of seismic 
noise associated with geothermal a reas  has also been used as a tool for geothermal 
resource exploration. 
Methodology 
To evaluate  t h e  regional pat tern of seismic act ivi ty  around t h e  Sonoma Valley a r e a  
and to ascertain if t h e  seismic activity bore any relationship t o  t h e  low-termperature 
geothermal resources, all seismic events from 1800-1974 were computer plotted and then 
manually transferred to a base map of t h e  study a r e a  (Plate  6). Seismic d a t a  used for 
computer plotting were obtained from t h e  California Division of Mines and Geology 
(CDMG) Earthquake Catalog System (Real and others, 1978). 
Results 
Forty-four events have been recorded for t h e  Sonoma Valley study area. Thirty-eight 
events were computer plotted. The system does not  allow "over-prints". Therefore, only 
one of several  events ( the  largest) occurring at t h e  same coordinates, but at different 
times, is plotted. 
Table I is a reproduction of t h e  computer listing of all  t h e  earthquakes pertinent to 
study. The table provides earthquake da ta  on location, t ime, depth, magnitude, etc. A 
magnitude (MAG) of 9.99 means t h a t  no d a t a  were available to determine t h e  actual  
magnitude of t h e  event. 
The CDMG Earthquake Catalog has been compiled from a grea t  many sources of 
information. Data  for t h e  earthquakes recorded in Table I have been compiled from t h e  
sources listed below 
Number 
1 
7 
8 
9 
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Table 1 . Tabulated da ta  o f  t h e  earthquakes t h a t  have occurred w i t h i n  the  Sonoma Va l ley  study 
* 
* 
9 * * 
* 
8 
c * 
a rea (1800-1974). 
10 NO. 
440U33b 
4rrO0130 
4400177 
440WU4 
440 G56b 
4400174 
4400004 
44001.03 
440COb7 
4400466 
44005 17 
4400279 
440&32 
4400369 
4400366 
4400443 
440iAbO 
4400508 
4400353 
4400141' '. 
4400426 
440-99 
4400597 
4400076 
440 01 0 3 
4400255 
4400571 
4400144 
4400307 
4400243 
4400544 
440C492 
44GIkY1 
4400357 
4400354 
44001 19 
4400175 
4400323 
4406435 
4400544 
4400519 
44 0 03 39 
44003 46 
4 4 0 ~ 5 8  
L A T I I U G E  
38.270 
38.270 
38.294 
38.300 
38.320 
j8.330 
38.330 
38.330 
38.334 
38 0340 
38.350 
38.358 
38.359 
38 -3b2 
38.364 
38.367 
38.371 
38.375 
38.385 
3n.388 
38.392 
38.400 
38 0400 
38.400 
38 -400 
38.400 
38.400 
38.400 
38.400 
38.400 
3.400 
38.401 
38.403 
38 . a 8  
38 -420 
38 -430 
38 -43 1 
38 -436 
38.436 
38 -440 
38.442 
38 -450 
38.280 
38.365 
L U N G ~ T U O E  
122.339 
122.400 
122.520 
122.400 
122.380 
122.5Ua 
122.544 
122.375 
122.580 
122.552 
122.5bb 
122.600 
122.603 
1220571 
122 -5  72 
122.572 
122.582 
122.376 
122.403 
122.545 
12Z.bOb 
122.570 
122.450 
122.450 
12  2 -5 00 
122 .so0 
122.600 
122.b00 
122.600 
122.600 
122.600 
122.620 
1 2 2 -549 
122.610 
122 -5 79 
1ZL.5b2 
122.530 
122.bl4 
122.625 
12Z.bL5 
122.505 
1 2 2 . ~ 0  
i ~ z . 5 0 0  
122.443 
OAT€ 
12/ 2/1970 
ll/  U l U 3 3  
b /  19/195b 
12/30 /1971 
lU / lL /1891  
4/25/195 b 
2 /25 /1919 
5 /14 /1972 
9 /  1/1948 
4/ 9/1973 
lo/  5/1973 
4/ 14/196 2 
11/16/1972 
9 /  20/197 1 
8/26 /1971 
12/ 2Y/ l972 
121  8/1971 
9 /20 /1973  
6/  7 /1971 
12/24/1972 
6 /29 /1972 
9 /11 /1973 
12/ 111973 
10 /19 /&949 
6 /23 /1951 
12/26/1959 
10/29/1959 
3/ 8/1865 
2/25 /1955 
7/16/1969 
8/ 5/19bU 
8 /  9 /1893 
8 /26 /1973 
8 / 2  5/197 3 
b/Zb/ 19 7 1 
W W1971 
9 /26 /1952 
5/ 3/1356 
8/26 /1970 
11/24/1972 
11/29/1973 
10/18/1973 
1 /30 /197 1 
4/ 8/1971 
1-A ----- 
T I N t  
1 36 32.1 
3 2 56.5 
18 3 2  57.G 
6 28 0.0 
23 57 54.0 
22 39 0.0 
3 25 12.5 
21' 27 47.0 
19 59 44.1 
b 43  24.9 
19 37 37.0 
4 18 1.9 
7 5 17.6 
14 1 2  19.6 
1 33 5.8 
9 25 13.9 
6 41  56.1 
4 5 6  59.5 
11 47 10.1 
9 2 0  12.a 
7 5 4  3.2 
7 0 0.0 
22 $ 8  29.0 
0 18 51.0 
23 2 9  2.0 
14 30 0.0 
0 5 0  5.0 
1 3 5  28.0 
6 15 53.0 
9 15  0.0 
17 4n 16.4 
n 2 6  24.9 
3 17 z5.n 
3 5 8  16.5 
0 26  53.0 
7 29  3.7 
4 3 5  43.0 
3 3 0  30.0 
20 (1 21.4 
16 5 2  23.1 
14 4 2.0 
0 21 32.1 
2 44  57.0 
19 26 19.7 
OEPTn 
12.C 
0.0 
0 .o 
7.9 
0.0 
0.0 
0.0 
11 04 
0 .o 
5.8 
3 .6 
13.0 
5.3 
8.1 
8.2 
9.2 
8.7 
11 .o 
4.2 
7.7 
5.9 
0 -4 
6.7 
0.0 
0.0 
0.0 
0 .o 
0.0 
0 .o 
0.0 
0 .o 
0.0 
5.9 
0.1 
3 .4 
9.6 
0 .o 
0.0 
0.7 
5.9 
11 .8 
8.2 
1.1 
5 -0 
QUAL 
t 
C 
8 
a 
8 
A 
8 
8 
8 
e 
8 
6 
8 
8 
8 
C 
8 
e 
8 
0 
0 
C 
D 
0 
C 
D 
B 
8 
C 
B 
C 
C 
C 
n 
8 
8 
0 
L1 
e 
44 HtCORUS SELLLTEO ------- 
R E F  flAG REF 
9 1.92 009 
1 2.50 1 
1 2.30 '1  
9 1-26 9 
008 5.500 008 
1 1.90 1 
1 4.500 007 
9 1.74 9 
1 3.30 1 
9 1.36 9 
9 0.71 9 
1 1 3.00 
9 1.31 9 
9 1.58 9 
9 1.85 9 
9 0.53 9 
9 1.01 9 
9 1.11 9 
9 1.3~1 009 
9 1.23 9 
9 1.55 9 
9 l.b8 9 
9 2.46 9 
1 9.99 1 
1 1 2.40 
1 1 2.30 
1 2.90 1 
GO8 4.700 008 
1 2.80 1 
1 1 2.50 
1 2.00 1 
008 5.100 008 
9 2.65 9 
9 1.88 9 
9 1-52 9 
0 1-66 9 
1 3.20 1 
1 1 3.00 
9 1.53 009 
9 1-64 9 
9 l e l b  9 
9 1.57 009 
9 1.42 009 
9 1.,38 9 
I N 1  REF 
0 
0 
0 
0 
8C 008 
0 
68  001 
0 
O A  006 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
4c 001 
0 
0 
0 
8C 008 
0 
OA 001 
0 
I C  008 
0 
0 
0 
0 
4c 006 
0 
0 
0 
0 
0 
0 
0 
IO NO. 
4400336 
4400130 
C400177 
4400384 
440G566 
4400174 
4400004 
4400403 
6 0 0 0 6 7  
440046b 
4400 5 17 
S400279 
4400432 
4400369 
4400366 
4400443 
4400380 
4400508 
4400355 
4400441 
4k00426 
4400499 
4400547 
440007b 
4400103 
4400258 
4400235 
4400571 
4400144 
4400307 
4400263 
4400564 
MOO492 
4,00491 
4400357 
4400354 
4400119 
4400175 
4400323 
4400435 
4400544 
440051 9 
4400339 
4400346 
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sited several  instruments in northern California counties. , The higher seismograph s ta t ion 
density provides be t te r  quality data. Hence, epicenter locations recorded post-1 969 by 
tne U S .  Geological Survey a r e  of higher quality than events reported earlier. 
The quality (QUAL) ratings listed in the  table are somewhat arbi t rary and are not  
directly comparable from one source to another. The following key provides t h e  c r i te r ia  
t h e  institutions above use t o  assign quality judgments. Also, t h e  codes accompanying the  
magnitude and intensity (INT) values are explained. 
KEY TO RECORD PARAMETER CODES 
I. Quality of Hypocenter (QUAL) 
A. Source: U.C. Berkeley (REF 001) 
Epicenter quality is subjective, ranging in quality from high to low as 
follows 
A. - Excellent 
C. - Fair 
D. - Poor 
8. - Good 
B. Source: U.S. Geological Survey (REF 009) 
A. - Excellent 
C. - Fair 
D. - Poor 
8. - Good 
11. Type of Magnitude (MAG) 
A - Local Richter 
B - Surface wave 
C - Body wave 
D - Local estimated for intensity 
E - Local estimated from duration 
h i c e n t e r  
I km 
2.5 
5 
5 
Focal Depth 
2 km 
5 
5 
5 
111. Type of Intensity (INT) 
A - No intensity given but  felt 
B - Rossi-Forel 
C - Modified Mercalli 
The epicenter locations were manually transferred to t h e  Sonoma Valley a r e a  
topographic base map (Plate 6) .  The majority of t h e  epicenters are in t h e  northwest 
portion of t h e  map in t h e  Sonoma Mountains. 
The Sonoma Valley proper is particularly devoid of epicenter locations except  for one 
earthquake of magnitude 4.5 on February 2, 1919, approximately located at la t i tude 
38.330, longitude 122.500 on P l a t e  6 (Table 1). This epicenter location is on or very near 
t h e  'least side" fault  described elsewhere in this report. 
Historically, earthquake activity may have a f fec ted  t h e  character  of both hot and 
cold springs in t h e  a r e a  to some extent.  The following accounts from historic l i terature  
seem t o  confirm this conclusion: 
61 
1. Toppozada, T.R., and others,  1980: 
Earthquake of Qctober 12, 1891, k 5 . 5 ,  6:28 Ch.IT, la t i tude 38.330, longitude 122.400, 
located approximately near t h e  Sonoma-Napa County border (Plate 6): 
The Sonoma Democrat (Santa Rosa), October 17, 1891, p. 5. 
e 
Sentence eight of t h e  first  paragraph proclaims a vast  increase in hot water  flow 
f rom warm springs in t h e  area.  
62 
P 
B 
2. 
3. 
4. 
~ 
Toppozada, T.R., and others,  1980: 
Earthquake of March 31, 1898." Intensity = 7 in Glen Ellen a rea  7:43 GMT lat i tude 
38.200, longitude 122.400, located in t h e  San Pablo Bay a r e a  just south of t h e  map 
a rea  of Plate 6: 
The Santa Rosa Press  - Democrat (Santa Rosa), April 6 ,  1898, p. 1. 
- - . . . . . . . . - . - 
SPPLIiGS FLOK FREELY a 
AFTER TEE EARTUQUAEE -- 
B. (3, ljothulrod ot Olen Ellan WY 
btrr oDqMoodny. 6 p e 8 k i ~ p  d the re 
oeot arthqnbks  r h a k  ba mrM the 
rpr nm io the neighborimod M B o r i n g  
three times Y much user ab- tbr 
8bock. 
He mrym he m mprinp rbich b a r e  
been lor for twsov yesm are now but- 
blinr OTW. Tbe rata+ ropply, be r t d .  
IS onsotthe hsrflo tbe mhta now. 
Waring, G.A., 1915: 
W n  the. . . fa rm of t h e  Ssate H o h e  at Eldridge (Sonoma S t a t e  Hospital) water  72'(F) 
in temperature  is obtained from a spring t h a t . .  . broke for th  a t . .  . t h e  t ime of t h e  
earthquake of April 18, 1936, and a flowing well 50 yards northward ceased to  flow." 
Waring, G.A., 1915: 
"The wells (at Boyes Hot Springs), t h e  f i rs t  of which was drilled about 1890, flowed 
until a short  t ime  af te r  the  earthquake of April 18, 1906..." 
Conclusions 
Investigation of epicenter locations provides little insight in to  t h e  low-temperature 
geothermal  resources of t he  Sonoma Valley area. There is l i t t l e  obvious pa t te rn  or 
relationship of earthquakes from 1800-1974 to t h e  regional o r  local s t ructural  fabric. 
However, if historic accounts  are correct ,  large ear thquakes in or near t h e  Sonoma Valley 
can  change t h e  flow cnaracter is t ics  of warm springs and possibly warm water  wells also. 
6 3  
-. -. . . . .. .. .. _.  -. . - . . . .. . . - . .- . . . . 
u G EOC HE MIST RY 
Introduction u 
Q 
D 
13 
B 
Ll 
il 
Q 
Geochemical analyses of fluids from a geothermal reservoir provide a means for 
determining many diagnostic properties of tha t  reservoir. The chemcial composition of 
thermal waters  can be used to quantitatively es t imate  reservoir temperature  by using 
geothermornetry algorithms. Analyses of mineral segregation in thermal fluids may 
indicate la teral  and/or vertical  s t ructural  features  or barriers within or  bounding a 
geothermal reservoir. Geochemistry analyses of thermal  fluids may also be able  to 
provide some clues to t h e  type of thermal system being investigated including such 
parameters  as h e a t  source, path of fluids, etc. 
Early chemical da ta  a r e  recorded for some geothermal springs and wells in t h e  
Sonoma Valley by Crawford (1894), Waring (1915), Kunkel and Upson (1960), Berkstresser 
(1968), Ford (1975), Leivas and others (1981), and most recently Herbst (1982) among 
others. 
Methodology 
The CDMG had planned to sample as many geothermal wells or springs and fresh 
water  wells as possible t o  aid in t h e  geothermal resource investigation of t h e  Sonoma 
Valley area. A total of 41 samples were collected in the  field t ime allowed. The  
locations are designated C-1 through C-41 on Plate 7. The geochemical analyses of these 
sites a r e  presented in Table 2. 
Approximately one gallon of fluid was obtained at each well or spring. The 
discharging water  temperature  was recorded also. The sample was fi l tered and divided 
into portions for shipment to t h e  University of Utah Research Insti tute (U.U.R.I.) and to 
t h e  Geochemical Laboratory of t h e  CDMG at San Francisco and for on-site field anlysis. 
The cation analyses in Table 2 were performed at U.U.R.I. on an Inductively Coupled 
Plasma Spectrometer. Also, U.U.R.I. analyzed for two anions; chloride (C 1) and fluoride 
(F). The remaining chemcial properties presented in Table 2 for each sample were 
determined by CDMG either in t h e  field utilizing their  portable geochemistry laboratory 
facilities or in t h e  CDMC Geochemical Laboratory at San Francisco. 
Concentration ratios for some consti tuents in t h e  41 samples were calculated and are 
presented in Table 3. A diagnostic water type designator was assigned to each sample 
after a subsequent review of t h e  data. The designators a r e  listed under "Chemical 
Characterist icstt  in Table 2. The areal distribution of t h e  various water  types is shown on 
Pla te  7. 
Results 
Some chemical similarities and differences in t h e  41 sampled waters  f rom t h e  
Sonoma Valley area a r e  evident in Table 2. Some of those observations are listed below: 
o Three of t h e  four water samples with boron (8) levels greater  than 2 mg/l  a r e  
from wells along t h e  faul t  on t h e  east side of Sonoma Valley. These wells a r e  
Locations No. C-33, C-40, and C-41. The exception is Location No. C-4 on 
P l a t e  7. 
o A northwest-trending line ("diamond" line on P la te  7) can be drawn subparallel 
and west of the long fault  on the east of Sonoma Valley. West of this line only 
65 
66 
0
 
0
 
7
 4
 
L9
 
Y
 
a 
.. 
Y
 - 
a 
u
 
P
 
Table 3. Mole r a t i o s  o f  major and minor c o n s t i t u e n t s  i n  we77 waters  o f  
Sonoma Valley a r e a ,  Ca l i fo rn ia .  By H . H .  Majrnundar. 1982 
.OCAT ION 
c- 1 
c-2 
c- 3 
c-4 
c- 5 
C-6 
c-7 
C-8 
c-9 
c- 10 
c-11 
c-12 
C-13 
C-14 
C-15 
C-16 
C-17 
c-18 
c-19 
c-20 
c-21 
c-22 
C-23 
C-24 
C-25 
C-26 
C-27 
C-28 
C-29 
C-30 
C-31 
C-32 
c-33 
c-34 
c-35 
C- 36 
c-37 
c-38 
c-39 
C-40 
C-41 
3 . 3  
49 
1 1  
5.2 
2.2 
33 
5.4 
19 
5.7 
6.2 
91 
0.98 
1.4 
6.8 
2.7 
2.5 
1.1 
3.5 
2.7 
1.6 
2.4 
2.2 
3.3 
2.4 
0.20 
5.7 
4.1 
10 
2.4 
5.4 
14 
7.6 
27 
7.6 
1.1 
4.1 
10 
4.1 
4.6 
39 
2.9 
Cl/HCOi 
0.10 
0.92 
0.60 
0.40 
0.07 
1.2 
0.56 
1.3 
0.26 
0.26 
8.7 
0.24 
0.12 
0.70 
0.17 
0.20 
0.12 
0.19 
0.14 
0.07 
0.14 
0.13 
0.15 
0.13 
0.41 
0.47 
0.18 
0.22 
0.13 
0.21 
0.65 
0.43 
1.1 
0.32 
0.10 
0.25 
0.23 
0.09 
0.15 
1.4 
0.66 
(F/Cl) x 10' 
3.1 
0.16 
0.26 
2.4 
4.7 
0.46 
1.2 
0.74 
2.7 
2.4 
0.03 
4.4 
7.2 
0.64 
3.4 
3.9 
74 
8.6 
13 
9.3 
12 
12 
9.3 
4.2 
15 
1 .o 
5.0 
1.5 
12.4 
1.8 
3.3 
4.0 
1.3 
4.0 
7.0 
5.0 
2.0 
7.4 
3.3 
3.7 
10 
(B/Cl) x 10' 
5.5 
0.18 
0.68 
2.4 
N / A  
N/A 
fi/A 
N / A  
N / A  
1.9 
0.47 
5.8 
25 
N/A 
15 
3 . 5  
N/A 
5 
N/A 
1 1  
N/A 
N/A 
8.2 
7.3 
N / A  
7.6 
N/A 
1.7 
N / A  
N / A  
5.9 
N / A  
10 
4.7 
N / A  
N / A  
3.4 
28 
N I A  
7.8 
15 
68 
( a ) / N a  
8.5 
6.0 
3.1 
4.7 
20 
6.6 
10.0 
7.4 
15 
17 
2.6 
8.5 
4 
30 
7.4 
8.3 
14 
1 1  
17 
70 
45 
12 
3.2 
64 
32 
7.7 
16 
9.3 
13 
29 
6.2 
16 
1.8 
4.9 
30 
47 
10 
3.3 
14 
4.2 
4.3 
( K / N a )  x 10' 
21 3 
13 
8.8 
68 
91 
14 
1 1  
32 
47 
71 
4.4 
33 
21 
63 
24 
94 
98 
74 
68 
1 1  
82 
63 
58 
58 
441 
71 
26 
40 
12 
39 
12 
12 
52 
90 
157 
163 
37 
19 
40 
56 
55 
(Li/Na) x 10' 
3.5 
1.3 
0.82 
2.2 
N /  A 
2.3 
wfi 
N/A 
N/A 
N/A 
0.86 
3.7 
N/A 
N / A  
2.7 
13 
N/A 
NIA 
N / A  
W A  
N/A 
N/A 
4.6 
N / A  
N / A  
22 
N / A  
N / A  
N / A  
A / A  
2.7 
9.6 
1.8 
N / A  
1 1  
N / A  
2.5 
2.9 
4.3 
14 
12 
CDMG. 
(Mq/Ca) x 10' 
55 
97 
109 
65 
116 
106 
106 
191 
272 
225 
82 
135 
55 
126 
65 
128 
124 
92 
77 
97 
37 
83 
N/A 
62 
99 
121 
69 
187 
103 
94 
55 
165 
55 
55 
110 
24 
106 
94 
57 
28 
41 
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t h e  water type designated as mixed cations-bicarbonate was found in t h e  
samples collected. All designated water types a r e  found east of this line. 
o Twenty samples have sodium ( N a )  concentrations greater  than or equal t o  50 
mg/l (Locations No. C-2, C-3, C-6, C-8, C-11, C-12, C-13, C-15, C-16, C-23. 
C-26, C-28, C-31, C-33, C-34, C-37, C-38, C-40, and C-41). All  of these 
sample locations except  Locations No. C-28 and C-37 lie to t h e  east of t h e  
"diamond1' line on Plate 7. 
o Wells having water samples with sodium ( N a )  concentrations greater  than 50 
mg/l and classified by water  type as either sodium-bicarbonate or 
sodium-chloride are along or a r e  located very near t h e  alignment of t h e  fault on 
t h e  east side of Sonoma Valley. These include Locations No. C-23, C-26, C-31, 
C-34, C-40, and C-41. Likewise, at Boyes Hot Springs along t h e  s a m e  fault  
(Plate  71, Herbst (1982) says It. . .highly mineralized thermal w a t e r . .  . poses a 
severe sodium problem." 
There probably a r e  several other comparisons or distributional pat terns  of water  
types and mineral concentrations t h a t  can be made from Tables 2 and 3. The above 
fea tures  were noted without emphasis to depth of well or temperature  of water. 
Nevertheless, t h e  general  trends described above seem valid for the  sample population. 
Discuss ion 
Barnes (1970) suggests tha t  t h e  presence of boron (B) in geothermal fluids indicates 
those fluids may have escaped along faults. There appears to be geothermal water  with 
relatively high boron concentrations along t h e  proposed "east side" fau l t  on t h e  east s ide 
of Sonoma Valley described elsewhere in this report. This presence of boron may fur ther  
add to t h e  proof of t h e  existence of this fault. 
There appears to b e  a general segregation of water  types to t h e  east and west sides 
of Sonoma Valley. This may ref lect  on the  differing recharge areas ( the  mountains to t h e  
east and to t h e  west of Sonoma Valley), different subsurface t ravel  paths of fluids, and/or 
t h e  presence of subsurface water barriers associated with t h e  northwest trend of t h e  faul t  
fabr ic  in t h e  Sonoma Valley. 
Perhaps there  may be an upwelling of sor ts  or migration of thermal fluids along t h e  
"east side" fault  in Sonoma Valley. This may b e  evidenced by t h e  higher concentrations of 
sodium (Na) and boron (B) along this trace. Higher concentrations of sodium (Na)  and 
other consti tuents in samples from t h e  southeast  corner of t h e  map a r e a  (Plate  7) a r e  
probably due  to salt water intrusion from t h e  bay area. 
Generally waters with t h e  higher Total  Dissolved Solids (T.D.S.) appear to be on t h e  
east side of t h e  valley. Geothermal fluids are character ized by higher T.D.S. Therefore, 
the east side of t h e  Sonoma Valley may be nearer to or contain t h e  larger geothermal 
resources. 
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The use of chemical geothermometers (geothermometry) is one method of estimating 
t h e  temperature  conditions of a geothermal fluids reservoir. Geothermometry algorithms 
are based on temperature  and pressure dependent water-rock reactions which determine 
t h e  chemical and isotopic composition of geothermal fluids. The most common soluble 
chemical constituents of thermal waters are Si02, N a ,  K, Ca, Mg, C l ,  HCO3, and 
CO3. The three  most generally used geothermometers a r e  t h e  silica, Na-K-Ca, and 
sulfate-isotope geothermometers. Several conditional assumptions must be made before  
using chemical compositions of spring and well waters to calculate  subsurface 
temperatures via geothermometry: 
1. Temperature-dependent reactions at depth, control t h e  dissolved chemical 
concentrations of elements  used in a particular geothermometer. 
2. The reservoir contains a sufficient supply of t h e  reactants.  
3. Water-rock equilibrium is established in t h e  reservoir for t h e  specific e lemental  
concentrations t o  be employed in t h e  geothermometry. 
4. The consti tuents used in t h e  geothermometer do not  re-equilibrate with t h e  
confining rock as t h e  fluids leave t h e  reservoir t o  t h e  surface or t o  t h e  point at 
which t h e  sample is collected. 
5. Mixing of thermal and nonthermal groundwater does not occur or, if it  does, an 
accura te  mixing model can  b e  established. 
Problems and inaccuracies ar ise  with t h e  calculated reservoir temperature  from a 
geothermometer when one or more of t h e  above assumptions a r e  violated. The 
geochemical da ta  gathered for this report  (Table 4) come predominately from weils t h a t  
were drilled for a fresh or cold water supply. Typically, these wells a r e  perforated over a 
large percentage of their total  depth to maximize water  production. The waters  in such 
wells could b e  a mixture of water from distinct aquifers. If one or  more of these aquifers 
contained geothermal fluids, those fluids would then b e  mixed (at  unknown proportions) 
with waters  from fresh water aquifers. Also, some  wells  undoubtedly are  so shallow as to 
only encounter shallow groundwater tables and do not  intersect geothermal aquifers. Such 
conditions do not conform to t h e  five basic assumptions required for adequate  
geothermometry calculated reservoir temperatures. Hence, t h e  geothermometric results 
presented below should be considered with great care and some skepticism. 
Methodology 
CDMG was able to obtain 41 water samples from cold and warm water wells and 
warm springs in t h e  Sonoma Valley. The concentrations of SiO2, N a ,  K ,  Ca and Mg for 
each sample, regardless of t h e  surface temperature,  were  entered into t h e  "FORTRAN 
Program to Compute Chemical Geothermometers for Geothermal Fluids" (Rapport, 1982) 
that  is available in the  CDMG computer program library. The results a r e  tabulated in 
Table 4. The chemical samples are labeled C-1 through C-41 and correspond to the  
locations shown on Plate 7. 
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SUSFACE Mg CORRECTED 
LOCATION TEMPERATURE S I L I C A  Na-K Na-K-Ca Na-K-Ca Na-K-Ca Na-K-Cam 
c- 1 
c-2 
c- 3 
c -4  
c-5 
C-6 
c-7 
C-8 
c - 9  
c-10 
c-11 
c-12 
C-13 
C-14 
C-15 
C-16 
C-17 
c-18 
c-19 
c- 20 
c-21 
c-22 
C-23 
C-24 
C-25 
C-26 
C-27 
c -28  
C-29 
C- 30 
C-31 
C-32 
c-33 
c-34 
c-35 
C-36 
c-37 
c-38 
c-39 
C-40 
C-41 
NUMBER ('C) CONDUCTIVE 1 AOIA6ATIC I CHALCEDONY 1 CRISTOBALITE 1 AMORPHOUS 
2 8" 
17" 
16' 
32" 
23" 
20" 
16' 
16" 
18" 
11" 
10" 
19" 
19" 
17" 
14" 
17" 
29" 
30 
23" 
15" 
21" 
28" 
30" 
24" 
14' 
17" 
21" 
16" 
21" 
17' 
22' 
16" 
21 
18" 
20" 
22" 
19" 
20" 
20" 
35O 
29" 
.. . .. 
(1 /3)  (4 /3 )  ( 1 / 3 )  ( 4 / 3 )  
138' 
88' 
79" 
133' 
136' 
101' 
136" 
137" 
126' 
123" 
65" 
158" 
104" 
118" 
116' 
136" 
127" 
140" 
127" 
72" 
1 1 3" 
132' 
104' 
63" 
87' 
111" 
111" 
110" 
135' 
113' 
122" 
141' 
119O 
121" 
137' 
136' 
108" 
89 O 
79" 
117" 
116' 
. . 
134' 
91 
83; 
129' 
131" 
102' 
132' 
132' 
124' 
121' 
71' 
150: 
104' 
117' 
115' 
132' 
124' 
135' 
124' 
77' 
112; 
128' 
104' 
69 ' 
90' 
110' 
111; 
109' 
131' 
112' 
120; 
136' 
117' 
119: 
132' 
132' 
108' 
92' 
83' 
115' 
115' 
. . - . .. - . .. 
112- 
57" 
48' 
105" 
109' 
71' 
109: 
110' 
99" 
95" 
33' 
134" 
74" 
90' 
87" 
109' 
99 = 
114' 
99' 
40' 
84O 
105' 
74' 
31 ' 
56" 
81 
82" 
80 
108" 
84 
94" 
115' 
90' 
93" 
110" 
l o g o  
79" 
59' 
48' 
88' 
87" 
- 
88" 18" 
38" -26" 
30' -33" 
82' 13: 
85' 15' 
50 ' -15' 
85< 16' 
86 16' 
76" 7 "  
72" 4" 
16' -45" 
107" 36' 
5 3O -12' 
68" 0' 
65' -2: 
aso 16' 
76' 8' 
90" 20; 
76 8' 
23' -39' 
62' - 4 c  
81 12' 
53" -12' 
14' -46' 
37" -26" 
60" -7' 
61" -6" 
59" -7; 
84O 15' 
62" - 4 0  
72" 4^ 
90 = 20' 
68" lC 
70" 3' 
86" 16' 
85" 16' 
58" -9" 
39' -25" 
30' -33' 
66 " -1 
65" - 2" 
72 
292" 
89 = 
146' 
186' 
209' 
90" 
80 
135' 
160" 
189' 
43' 
137' 
111" 
180' 
119' 
212* 
215' 
192' 
186' 
226' 
200' 
160' 
174' 
219" 
389' 
189" 
123' 
150" 
231' 
148" 
230' 
235" 
167" 
209' 
259" 
263" 
145' 
107" 
149' 
172" 
171" 
238' 
103' 
158' 
180: 
170" 
103' 
90" 
135' 
143" 
160" 
74" 
135" 
126' 
146' 
123" 
188' 
181- 
170" 
158" 
159" 
151" 
161' 
179' 
157" 
259" 
174" 
116" 
143" 
192' 
125' 
206" 
191" 
184" 
195" 
193" 
186" 
138" 
125" 
137" 
172" 
171" 
123' 
46' 
109; 
110' 
56 ' 
43: 
24' 
63' 
47 
5 4 '  
47' 
59 
76 ' 
31 ' 
55' 
94: 
73' 
74' 
53' 
18; 
25' 
66 ' 
124' 
19: 
85 
87' 
31' 
61' 
81' 
21' 
116' 
73' 
1 5 5 '  
118' 
56' 
40' 
56' 
81 
46' 
108' 
106' 
Q 
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u The algorithms used in t h e  computer program a r e  those of Fournier (1977) as given 
below: 
D GEOTHERMOMETERS 
Silica 
Quartz  (conductive) ff I309 5.19 - log Si02 "C = - 273.15 
- 273.15 
- 273.15 
- 273. 5 
- 273. 5 
- 273.15 
- 273.15 
I522 
5.75 - log Si02 "C = Quartz  (adiabatic) 
Chalcedony 1032 4.69 - log Si02 "C = 
Alpha-cr is to bali te IO00 4.78 - log Si02 "C = 
Amorphous silica -1 73 1 'C = 4.52 - log Si02  
All concentrations are in mg/l  or ppm. 
Cations 
N a-K 1217 "C = log ( N a / K )  + 1.483 D Na-K-Ca I647 "C = log ( N a / K )  + B log((sqrt Ca)/Na)  + 2.24 
Where B is either 1/3 or 4/3. 
A correction i s  made t o  t h e  Na-K-Ca geothermometers for t h e  Mg content  of t h e  
solution if t h e  ra t io  of Mg/(Mg+Ca+K) is greater  than 0.5 and less than 50. The criteria,  
procedure, and algorithms for application of this  correction a r e  given in Fournier and 
Potter (1978). This correction is automatically applied by the computer program when t h e  
cr i ter ia  a r e  fulfilled. When t h e  Na-K-Ca geothermometer requires this correction i t  
appears on t h e  right side of Table 4 under t h e  heading "Mg CORRECTED" for both B=1/3 
and B=4/3. 
R 
Bowen (1979) lists t h e  quartz  geothermometer best suited to t h e  temperature  range 
of 1 50°-2250C (302'-437"F), t h e  Na-K geothermometer works best  for  temperatures  of 
waters  above 200°C (392"F), and t h e  Na-K-Ca geothermometer is best suited for water  
equilibrated around 100°C (2120F). With the, above in mind the  temperature  values for the  
Na-K-Ca (B=4/3) and the  Mg corrected Na-K-Ca (B=1/3) geothermometers from Table 4 
were chosen to b e  contoured on Plates  8 and 9 respectively. All values from these two 
geothermometers were utilized regardless of t h e  depth of well or whether or not a well 
was considered to b e  a geothermal well. 
Results 
Geothermometry temperature  values f rom t h e  fa r  right th ree  columns of Table 4 
were averaged utilizing only those wells or springs with surface temperature  greater  than 
or equal to 20°C (68°F) with t h e  following r e s u l t s  
Q 
73 D 
G eo th er mo m e ter Average Tem pera t ur e 
Na-K-Ca (B=4/3) 
Mg Corrected Na-K-Ca (B=1/3) 
MG Corrected Na-K-Ca (B=4/3) 
77°C (171°F) 
52°C (126°F) 
60°C (140OF) 
The reservoir temperature  of geothermal resources in t h e  Sonoma Valley area may b e  
in the  range of t h e  average temperatures  indicated above. However, several of t h e  other  
geothermometers in Table 4 show temperature  values somewhat higher than these 
averages. 
Plate 8 shows t h e  results of manually contouring t h e  reservoir temperature  values 
aerived from the  Na-K-Ca (B=4/3) geothermometer.  The dominant fea ture  is t h e  100°C 
closed elongate, contour trending north-northwest from t h e  City of Sonoma along t h e  east 
side of Sonoma Valley. This a r e a  of "hotter" reservoir temperature  probably approximates 
t h e  "warm water belt" described by Bradley (1915). The contour also subparallels t h e  
"east side" faul t  alignment developed from gravity surveys discussed elsewhere in t h e  
report. The implication is  t h a t  this faul t  s t ructure  has some influence on t h e  location of 
this "hotter" zone. 
P l a t e  9 presents t h e  results of manually contouring t h e  reservoir temperatures  
calculated from t h e  Mg corrected Na-K-Ca (B=1/3). Quite  a different concept of 
reservoir temperature  is suggested by t h e  contours on P la te  9. The contour gradient 
increasing eastwardly suggests t h e  greatest  geothermal reservoir temperatures  lie to t h e  
northeast  and east of t h e  Sonoma Valley perhaps under or within t h e  Sonoma Volcanic 
units tha t  form the  mountainous terrain in this area. 
Conclusions 
The reliability of t h e  geothermometry calculations for t h e  Sonoma Valley a r e a  may 
be questionable. Nevertheless, t h e  calculations presented in Table 4, may indicate a 
geothermal reservoir temperature  in t h e  52O-77"C (126"- 17 1°F) range, although some 
geothermometer indicators show temperatures  may b e  higher than this. 
Plates  8 and 9 show two different  interpretations of t h e  character  of the  geothermal 
reservoir. The Na-K-Ca (B=4/3) geothermometer (Plate  8) may indicate a 
north-northwest trending reservoir "hot spotll in association with a fault  on t h e  east side 
of Sonoma Valley. Perhaps a geothermal fluids "plume" or upwell ing occurs along this 
faul t  trace. However, t h e  Mg corrected Na-K-Ca (B= 1/3) geothermometer (Plate  9) may 
b e  indicating a buried hea t  source beneath t h e  volcanic mountains northeast  of t h e  
Sonoma Valley. 
These two apparent interpretive discrepancies are probably t h e  result of t h e  
unreliability of t h e  geothermometric calculations applied to this a rea  as described above. 
This problem points out  t h e  inadequacy of relying upon one investigative technique t o  
supply t h e  definitive assessment of a geothermal resource. 
Chemical analyses and subsequent geothermometry calculations performed for water 
samples wholly obtained from geothermal aquifers in t h e  Sonoma Valley a r e a  should 
improve the  reliability of t h e  results and may, in fact, indicate higher reservoir 
temperature  than calculated above. 
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DIRECT TEMPERATURE MEASUREME&NTS OF 
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Probably the  most important physical property of a low- and moderate-temperature 
geothermal reservoir is i t s  temperature.  Wells and springs with water temperatures  
greater  than 20°C (68°F) are considered to be geothermal by CDMG standards. Several 
methods were employed to collect direct  temperature  measurements of t h e  geothermal 
resources in t h e  Sonoma Valley area. 
Methodology 
Locations of known geothermal wells and springs and their  temperatures  for t h e  
Sonoma Valley area were researched in existing l i terature.  Waring (1915), Bradley (1915), 
Berkstresser (1968), Blaydes (1981) and Leivas and others  (1981) a r e  some of t h e  sources 
for historic locations of geothermal features  in the  area. All temperatures  found reported 
in these publications were considered to b e  surface discharge water temperatures  unless 
otherwise recorded. 
Other  temperature  and location da ta  of geothermal wells were obtained f rom private 
and university geothermal consultants t h a t  were currently working on projects in t h e  
Sonoma Valley area. 
Also, CDMG recorded surface discharge temperatures  with a standard hand held 
maximum recording thermometer while collecting water  samples from selected water  
wells and springs. 
CDMG was also able t o  record downhole water temperatures  in a few geothermal 
wells during a limited field season. These wells were measured by manually lowering a 
thermister tipped temperature  probe at tached to 152 meters  (500 feet)  of graduated 
electrical  conducting cable. The temperature  was recorded on an  at tached Johnson-Keck, 
Model DTM-75, digital temperature  meter. Later  these d a t a  were draf ted on tempera ture  
logs depicting graphs of water temperature  versus depth of probe penetration in each well. 
Results 
A listing of geothermal wells and springs known to CDMG to date for t he  Sonoma 
Valley area is provided in Table 5 and on P l a t e  1. Table 5 lists twenty-six geothermal 
wells and three  geothermal springs. Note, however, t h a t  Location No. S-22 may b e  
erroneously located and may in fact b e  t h e  location labeled "Sonoma S t a t e  Hospital warm 
well" on P la te  1. 
The surface discharge geothermal temperatures  on Table 5 range from 20°C (68°F) t o  
35°C (95°F). The greatest  surface temperature  was measured in t h e  discharge of a well a t  
Agua Cal iente  Springs (Location No. C-40, Plate 1).  Historically, however, water  
discharging from wells at Boyes Hot Springs to t h e  south-southeast of Agua Cal iente  
Springs was approximately 44°C ( I  12°F). However, t h e  wells a r e  currently abandoned at 
t h a t  site and are no longer artesian. N o  surface temperatures  could b e  recorded there. 
Fourteen of the  entries in Table 5 have ei ther  surface temperatures  or a downhole 
temperature  greater  than 25OC (77°F). The majority of these "hotter" geothermal wells 
are within t h e  long known "warm water  belt" (Bradley, 1915) tha t  includes part  of the  City 
of Sonoma and extends north-northwest up t h e  east side of t h e  Sonoma Valley. (Locations 
No. C-17, C-18, C-22, C-23, C-40, C-41, "Boyes Hot Springs No. I", "Boyes Hot Springs 
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Tab le  5. DIRE:: TEWERATUE HEASUREMENTS OF SELECTED GEOTHERKN YELLS ASD SPRINGS (TEMPERATURE 5 20 C) 
I N  i-E SONOMA VALLEY AREA, SONOMA AND NAPA COUNTIES,  CALIFORNIA 
LOCPT IO'. 
c- I 
C-1 
C - S  
S - E  
C - l i  
C-1E 
c-19 
c-21 
c-22  
C-23 
c-24 
c - 2 7  
C- 29 
C - 3 1  
C-32 
c - 3 5  
c-36 
c - 3 c  
c- 39 
C-40 
C-41 
14-39 
s - le  
5- 22 
3 Y E S  HOT SPRINGS 
WELL NO. 1 
WELL NO. 2 
ALT RANCH YARE: 
WELL 
m+oi-ia STATE 
OSPlTAL UAfi?! 
WELL 
GUR CALIELTE 
ILLA WARM 
WELL 
FOOTSSTES: 
FEATURE 
WELL 
WELL 
SPRING 
WELL 
YELL 
#ELL 
WELL 
i.IELL 
WELL 
I.!ELL 
MELL 
WELL 
YELL 
UELL 
YiLL 
UELL 
WELL 
UELL 
UELL 
#ELL 
YELL 
SPRING 
YELL 
SPRING 
SELL 
WELL 
X L L  
UELL 
'XELL 
REF. Pig.*' 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
i 
2 
2 
2 
2 
2 
2 
1 
1 
1 
2 
J 
J 
P 
LA1 ITUDE 
(N/ 
3s' 15.22' 
3 8  23.66' 
38 23.30' 
38 12.98' 
38 17.65' 
36' 17.78' 
3s 17.76' 
36. 11.75' 
35' 17.90' 
38: 17.88' 
36- 17.95' 
3 P  18.25' 
38' 17.68' 
36- 20.00' 
38; 20.80' 
38 23.98' 
33' 19.78' 
38' 16.94' 
38' 16.02' 
38' 19.32' 
35- 19.32' 
_ _ -  
3' 14.67' 
26 21.03' 
_-_ 
--- 
-_-  
--- 
--- 
LONGITUDE 
( W )  
122" 23.30' 
122' 32.99' 
122" 34.11' 
122" 22.37' 
122' 27.40' 
122'. 27.11' 
122' 27.28' 
122" 27.42' 
122' 27.01'  
122' 28.40' 
122' 27.41' 
122" 29.81' 
122' 27.51' 
122' 29.82' 
122' 30.06' 
122' 34.00' 
122' 29.40' 
122; 27.81' 
122' 29.95' 
122- 29.40' 
122" 29.40' 
--- 
122" 28.50' 
122' 30.87' 
--- 
--- 
_-- 
_-- 
--- 
TEWPERFTURE AXG DEPTH 
OF MEASUREf<ENT*' 
-C/METERS 
2 6 - 1 0  
31.:6.1 
23 '10  
20- I O  
29 /a 
30'/0 
23 /O 
21.10 
28'10 
30'10 
24-10 
2 i ' / O  
21.10 
22;/0 
21 10 
20- /o 
22'10 
20. I O  
20 /o 
35'10 
29'10 
28.4'10 
28- :o 
22.2 '10  
28' t 3.7 
63'1137 
28'133.5 
20'17 
28>/0 
- 
TOTAL DEPTH 
(METERS) 
213 
55 
--_ 
74 
107 
177 
152 
73 
67 
226 
61 
52 
70 
76 
76 
? 
79 
53 
156 
91 
50 
_- -  
? 
__-  
? 
137 
6 i ?  
7 
57 
REMARKS 
Ar tes ian 
Ar tes ian we l l  a t  Morton's 
Uarm Springs 
McEwan Ranch Warn! Spring 
Ar tes ian 
Ar tes ian 
Well a t  Aqua Cal iente Spring 
Well a t  F e t t e r ' s  H o t  Springs 
Locat ion T6W.. R 4 d . .  Sec. 34 
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1. Blayaes. P.E., 19E1. D i r e c t  use geothermal resources map ser ies.  naps no. X X I ,  no. X X I I .  and no. X X I I I :  
Cal i 'crnia Div is icr .  o f  Mines and Geology, 1982, F i e l d  i nves t i ga t i on  for ma te r ia l  presented i n  chis velum. 
Culve.-, G., 19Ei. Oregon I n s t i t u t e  o f  Technology. Dersonal communication. 
Sy lvester  Rssoc'ates. 1982, personal comunicat ion.  
G.F..!.P.S. Co-r:ssion, Santa Rosa, Ca l i f o rn ia .  Scale 1:62.500. 
2. 
3. 
4. 
*' 4 depth o f  te-zerarure re5sirernent o f  0 meters means the t e w e r a t u r e  was recorded i n  the we l l  surface discharge 
e i t l e r  pumpec 3 r  ar tes iaq isg.  
76 
iJ 
D 
il 
D 
n 
il 
u 
9 
No. 2", and "Agua Caliente Villa warm well," P l a t e  I). The remainder of t h e  "hotter" 
geothermal surface features  a r e  scat tered about t h e  map a r e a  of P la te  1 (Locations No. 
C-I, C-4, N-39, S-18, and t h e  5a l t  Ranch warm well"). 
To date ,  downhole temperature  d a t a  have been acquired for five known geothermal 
wells (Locations No. C-4, "Sonoma S t a t e  Hospital warm well", "Agua Cal iente  Villa warm 
well", 'IBoyes Hot Springs No. 2", and t h e  ?Salt Ranch warm well", P l a t e  I). The d a t a  
have been plotted in graphical format  and a r e  presented in Figures 27-31 respectively. 
Figure 27 is a temperature  profile of an artesian well at t h e  Morton's Warm Spring 
site. The maximum temperature  is only slightly higher than 31°C (88°F). The maximum 
temperature  occurs in a zone from approximately 5-12.5 meters  (16-41 feet) deep  in t h e  
well. The temperature  curve reverses thereaf ter  to a bottom hole temperature  of 
approximately 29.1"C (84OF) at 37.5 meters  (123 feet). The temperature  profile may 
indicate tha t  t h e  warmer water-bearing aquifer is qui te  shallow at this site and may b e  
underlain by one or more cooler aquifers at least  to t h e  depth of t h e  well probed. 
Figure 28 is t h e  temperature  curve from a shallow, hand dug, 3.1 meter  (10 foot) 
diameter well on t h e  fa rm a r e a  of t h e  Sonoma S t a t e  Hospital grounds. I t  is thought t h a t  
this site is the  warm spring described in historic l i terature  at t h e  old S t a t e  Home at 
Eldridge (Waring, 1915). Although t h e  maximum temperature  is only 20.3"C (68.5"F) at a 
bottom hole depth of 7 meters (23 feet) ,  nevertheless, t h e  bottom of t h e  tempera ture  
profile indicates an  increase in temperature  with depth a f t e r  initially showing a reverse 
condition down to t h e  6 meter (20 foot) depth. 
On Figure 29 t h e  maximum temperature  of the  Agua Cal ienta  Villa warm well is 26°C 
(79°F) at 57.3 meters  (188 feet). A straight line was manually f i t t ed  to t h e  deepest  f ive  
temperature  values (dots on curve) and t h e  graphical intercepts of t h e  line were visually 
determined. Simple calculations show tha t  t h e  temperature  gradient in t h e  Agua Cal iente  
Villa warm well is approximately 28°C/100 meters  from 40 meters  (131 feet) t o  t h e  
bottom of t h e  well. 
Sylvester Associates (1982) had tests performed on this well with t h e  following 
r e s u l t s  
"The well was blown for a total of two hours. Flow was very good and 
estimated to be greater  than 200 gpm. The water had a strong 
hydrogen sulfide odor from the  beginning and was still evident but 
weaker at t h e  end of t h e  pumping. The water delivery temperature  was 
measured at 82.5"F (28°C) at t h e  well head a f t e r  two hours of pumping. 
Prior to leaving t h e  site a bottom hole reading at 188 FT (57.3m) read 
78.8"F (26°C) indicating t h e  well bottom tempera ture  had returned to 
i ts  original condition." 
I t  is not uncommon to gain a n  increase in water  temperature  in low- to 
moderate-temperature geothermal wells as a result  of heavy pumping on t h e  well. 
Figure 30 is an  unconfirmed temperature  curve from one of t h e  abandoned wells at 
Boyes Hot Springs. I t  is thought t h a t  this curve is from t h e  well designated 93oyes Hot 
Springs well No. 2" by CDMG on Plate 1. The curve  implies an ever increasing water 
temperature  with depth at least  to t h e  bottom of t h e  hole at 137.2 meters  (450 feet) 
where 62.7"C (145°F) was supposedly recorded. 
D 7 7  
Figure 27. 
CALIFORNIA DIVISION OF M I N E S  AND GEOLOGY 
TEMPERATURE LOG 
LOCATION MORTON'S HOT SPRING WARM WELL (C-4) DATE 2/24/82 
TEMPERATURE DEGREES CELSIUS 
28" 29" 30" 31" 32 " 
0 
5 
IC 
If 
v, e 
W 
I- 
W r 
5 2c 
E 
X 
W n 
2: 
3( 
3! 
4r 
artesian 
a1 . / m i n .  
78 
D 
CALIFORNIA DIVISION OF MINE5 AND GEOLOGY 
TEMPERATURE LOG 
i3 
53 
L! 
LOCATION SONOMA STATE HOSPITAL WARM WELL DATE 2/22/82 
0 
2 
m 
cc 
W 
I- 
W r 
5 4  
I 
I- 
W 
n 
n 
6 
8 
TEMPERATURE DEGREES CELSIUS 
19" 20" 21 O 22" 
BHT = 20.3"C/7 rn 
Figure 28. 
79 
F i g u r e  29. 
CALIFORNIA D I V I S I O N  OF MINES AND GEOLOGY 
TEMPERATURE LOG 
LOCATION AGUA CALIENTE VILLA WARM WELL 
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Figure 30. 
CALIFORNIA DIVISION OF MINES AND GEOLOGY 
TEMPERATURE LOG 
LOCATION BOYES HOT SPRING WELL N O ,  2 ( ? )  DATE U N K N O W N  
TEMPERATURE DEGREES CELSIUS 
NOTE: Temperature log c o u r t e s y  of S y l v e s t e r  A s s o c i a t e s ,  Santa  Rosa, 
C a l i f o r n i a .  Data may have come from o r i g i n a l  d r i l l e r ' s  log .  
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CALIFORNIA DIVISION OF MINES AND GEOLOGY 
TEMPERATURE LOG 
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A straight line segment manually f i t  to t h e  deepest f ive temperature  measurements 
(in the  s a m e  manner as Figure 29) yields a temperature  gradient of 29"C/100 meters. This 
is very near t h e  value obtained from Figure 29. 
The "Salt Ranch warm well" was artesian at t h e  t ime d a t a  were collected for t h e  
temperature  curve of Figure 31. The temperature  profile of Figure 31 is typical of a n  
ar tes ian well or a well t h a t  has heavy turbulence within i ts  water column. The 
temperature  remains relatively constant, in this case at approximately 28°C (82"F), 
throughout t h e  column of water. 
Conclusions 
Direct temperature  measurements of geothermal wells and springs provide some 
insight into the  possible expected temperature  of t h e  resource at shallow t o  moderate  
well depths in t h e  Sonoma Valley. The maximum temperature  listed in Table 5 is 63°C 
(145°F) at 137 meters  (450 fee t )  for a well at Boyes Hot Springs. 
The grouping of t h e  majority of t h e  llwarmertl geothermal wells in a northwest trend 
along t h e  east side of Sonoma Valley may indicate tha t  the  highest reservoir temperatures  
may be found in this a r e a  with greater  depth. 
Although only a f e w  downhole temperature  profiles were able to b e  collected and 
only two profiles were adequate  to calculate  temperature  gradients, i t  is significant t h a t  
t h e  two gradients a r e  nearly equivalent at 28"C/IOOm and 29"C/100m (Figures 29 and 30). 
If these gradients were to be constant with depth then 100°C (212'F) reservoir 
temperatures  would be encountered at approximately 325 meters  (1066 feet) at t h e  Agua 
Cal iente  Villa site and 270 meters  (885 fee t )  at t h e  Boyes Hot Springs site. However, in 
reali ty such gradients seldom remain consistent with depth. 
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CONCLUSIONS A N D  ASSESSMENT OF THE GEOTHERMAL RESOURCE 
Introduction 
Geothermal resources with t h e  potential for useful development underlie t h e  Sonoma 
Valley area, California. However, all of t h e  temperatures  observed in this study a r e  less 
than 90°C (194°F). Therefore,  t h e  geothermal resources of Sonoma Valley can, at this 
t ime, only be classified as low-temperature (20"-90°C) geothermal resources. Such 
temperatures are not suited to large scale geothermal development or for electrical  
power generation. Low-temperature geothermal resources a r e  suited to small direct  use 
Projects and usually can only be developed close to t h e  point of origin. Thus, t h e  
geothermal resources of Sonoma Valley would be useful to local landowners, small  
business and agricultural projects, direct  heating applications of single and multiple 
family housing, public buildings, etc. Figure 33 is  a partial list of potential uses of 
10 w-tern pera t ure geothermal resources. 
Surf icial evidence of possible geothermal resources in t h e  Sonoma Valley a r e a  have 
long been known. The ear l ies t  commercial development of geothermal resources was 
perhaps nearly 135 years ago at Boyes Hot Springs (then known as Agua Rica S rings). 
Some locales which were originally reported as springs now produce warm water  only from 
shallow to moderately deep wells. The Pliocene Sonoma Volcanics blanketing t h e  a r e a  
imply t h e  presence of associated geothermal resources for several  past thousands of 
millennia. This apparent longevity of t h e  regional geothermal resources should be 
encouraging to potential users. 
Areal Distribution 
Geothermal fluids can sti l l  b e  produced at all  t h e  historically geothermal areas,  a P though 
The s ize  of a geothermal resource is not necessarily proportional to t h e  areal  
distribution of surficial evidence, nevertheless, such a distribution is an  invaluable 
resource parameter. 
The major study a r e a  of this report  was in t h e  centra1 and south central  portions of 
Sonoma Valley. In this general  area, 29 low-temperature geothermal wells or springs were 
located f rom either l i terature  search or field surveys. There a r e  probably more warm 
water  wells and springs in this a r e a  than were "documented11 in t h e  preparation of this 
report. Therefore, the  warm well locations plotted on Plate  I may not be complete. 
The majority of t h e  geothermal surface manifestations (wells and/or springs) plotted 
on Pla te  1 a r e  found in an approximate 10 km (6.2 miles) long zone bounded on t h e  east by 
t h e  Mayacmas Mountains and on t h e  west by t h e  "east side" faul t  delineated from 
geophysical evidence. This zone i s  termed $he "Most Likely Geothermal Production Zone" 
on Pla te  I and contains an  a r e a  of approximately 5.4km2 (2.1 mi2). The zone incl ides  
52 percent of t h e  to ta l  geothermal locations on t h e  map. This northwest trending zone 
appears to b e  an  elongated extension of t h e  historic "warm water  beltf1 t h a t  included t h e  
Agua Cal iente  Spring (Plate  I ,  Location No. C-40), Fetters Hot Springs (Plate  1, Location 
NO. C-411, and Boyes Hot Springs-(Plate I). The zone also generally coincides with t h e  
closed 100°C temperature  contour in association with t h e  "east side" faul t  on t h e  
N a-K-Ca (13=4/3) Geothermometry Map (Plate  8). 
I t  must b e  strongly pointed out  tha tc  there  are apparently many water wells tha t  do 
not have geothermal temperatures  (>20°C) located in this "production zone". No formal 
survey was made of llcoolll wells andgeothermal  wells versus depth or  distribution, but i t  
appears many llcoollf wells are of comparable depth to geothermal wells within t h e  
boundary limits. The implication is  t h a t  t h e  geothermal aquifers within t h e  reservoir a r e  
highly localized and do not extend continuously under t h e  valley. 
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Two other  features  of t h e  distribution of geothermal locations a r e  evident on P l a t e  
1. One is t h e  close grouping, south of Kenwood, of well Location No. C-35, Morton's 
Warm Springs (Location No. C-41, and t h e  old McEwan Kanch warm spring (Location No. 
C-5). The second fea ture  is t h e  linear, but not well defined, northwest alignment of t h e  
Salt  Ranch warm well, well Location No. S-18, and well Location No. C-39 south of t h e  
City of Sonoma and along the  eastern flank of t h e  Sonoma Mountains. 
Depth of Resource 
The depth to an  adequate  geothermal resource is of ten t h e  major cr i ter ia  t o  
economic feasibility of utilization of t h a t  resource. Historically, small geothermal 
springs discharged fluids at t h e  surface in t h e  Sonoma Valley area. Most have 
disappeared. Although, some like t h e  old McEwan Ranch spring sti l l  flow. Local accounts 
suggest t h e  presence of a few small, probably seasonal, warm springs in t h e  hills and 
canyons adjacent to t h e  Sonoma Valley. The natural  springs at Boyes Hot Springs appear 
to have "dried up" sometime after 1926. 
The  depths of t h e  known geothermal wells included in t h e  "Most Likely Geothermal 
Production Zone" of P l a t e  1 range from 50-177 m (165-581 feet) (Table 5 )  with an  average 
of 92 m (301 feet). The exception is t h e  Sonoma S t a t e  Hospital warm well which is in 
reality a shallow hand dug cistern into an  old spring. I t  is inferred t h a t  to be successful 
geothermal wells probably would have to be drilled t o  an average depth of at least  (and 
grea te r  than) 100 m (328 feet) in this "production zone". 
The geological and geophysical d a t a  in this report  may indicate tha t  geothermal wells 
and springs a r e  associated with warm water  aquifers within units of t h e  Sonoma 
Volcanics. If this d a t a  is generally applicable, then potential  geothermal wells s i ted on, 
for example, alluvial strata of t h e  Sonoma Valley floor should probably be programmed to  
b e  drilled to a depth to encounter t h e  underlying volcanic strata.  Unfortunately, t h e  
depth of t h e  valley alluvium is not  well documented, except  along geophysical traverses, 
and must vary greatly depending upon subsurface s t ructure  throughout t h e  valley. 
Esitmates were calculated for t h e  depth to Sonoma Volcanics along geophysical t raverse  
H-H' (Plate 3 and Figure 5 )  across t h e  "east side" faul t  east of t h e  Hanna Center.  On the 
upthrown side of t h e  fault (east side) t h e  depth to t h e  Sonoma Volcanics is approximately 
76 m (250 feet). The "production zone" discussed above is primarily on t h e  east side of 
this fault. The calculated depth is only 16 m (51 feet) shallower than t h e  92 m (301 feet) 
average depth of known geothermal wells in t h e  "production zone". This suggests tha t  t h e  
known geothermal wells in this a r e a  project through t h e  alluvium and into t h e  underlying 
Sonoma Volcanics strata. 
The  offset on t h e  "east side" fau l t  along t raverse  H-HI (Figure 5 )  was calculated at 76 
m (250 feet) also. Therefore, west of t h e  "east side" faul t  a geothermal aquifer similar to 
t h a t  found to the  east of t h e  fau l t  may possibly b e  found at this greater  depth. However, 
t h e  faul t  may behave as a water barrier trapping geothermal fluids on t h e  east side of t h e  
fault. 
One or more geothermal fluid-bearing aquifers may be relatively shallow in t h e  
vicinity of t h e  old McEwan Ranch warm spring and Morton's Warm Springs (Plate  I ,  
Location No. C-5 and C-4 respectively). The McEwan Ranch Spring currently has a 
surface discharge of approximately 5 gpm. The temperature  log from Morton's Warm 
Springs (Figure 27) shows t h e  warmest temperature  zone to be from 5-12.5 meters  (16-41 
feet) in a 37.5 meter (123-foot) deep well. 
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The depth to t h e  geothermal resources under t h e  Sonoma Valley appears to be highly 
variable probably depending on depth to volcanic s t r a t a  underlying t h e  valley alluvium, 
subsurface geologic structure and fabric, amount of recharge into t h e  warm water  
reservoir systems, and t h e  amount of fluids withdrawn from t h e  reservoir system. 
1 ,  
Volume of Geothermal Resources 
Quanitative calculations of t h e  volume of geothermal resources underlying t h e  
Sonoma Valley would be highly speculative because of t h e  complexity of geothermal 
aquifer configuration, and in particular, t h e  general  lack of d a t a  from deeper and 
apparently hot ter  horizons. However, some general quali tative s ta tements  can b e  made. 
The historic l i terature  seldom indicates a flow r a t e  of greater  than 100 gpm for any 
of t h e  old natural  warm springs or for most of t h e  wells tha t  produced warm water  in t h e  
valley. Some were reported to b e  less than 10 gpm. Local accounts report  a few modern 
water  wells t h a t  produce volumes in t h e  several  100's of gallons per minute of slightly 
warm water. However, the  greatest  percentage of these volumes a r e  probably produced 
from fresh water aquifers and only incidentally mixed with fluids from minor warm water  
aquifers encountered when drilling. 
Herbst (1982) assigned a highly variable specific yield of from 0-15 percent  for t h e  
Sonoma Volcanics. If, as d a t a  suggest, geothermal fluids in t h e  Sonoma Valley a r e  
predominately produced from permeable units of t h e  Sonoma Volcanics, then t h e  highly 
variable specific yield suggests low or  at t h e  best  highly variable volumes for geothermal 
aquifers. 
Whatever t h e  capacity of the  gecthermal reservoir under Sonoma Valley, t h e  volume 
of geothermal fludis stored may not have changed much over t i m e  as Herbst (1982) says 
t h a t  t h e  volume of t h e  ent i re  hydrological system of t h e  valley has not changed much over 
time. 
There is a lack of sufficient quantitative geothermal reservoir data ,  but t h e  
quali tative d a t a  t h a t  is available indicates t h a t  estimates of t h e  volume of 
low-temperature geothermal production in the  Sonoma Valley area should b e  kept  very 
conservative. Adequate exploration drilling and subsequent well flow testing would 
greatly enhance t h e  d a t a  needed to estimate t h e  volume of geothermal resources 
underlying the  Sonoma Valley area. 
Temperature  of Geothermal Resources 
California Division of Mines and Geology (CDMC) measured geothermal surface 
discharge temperatures from 2Oo-35"C (68"-95?F) in wells and springs in t h e  Sonoma 
Valley a r e a  (Table 5). The mixing factor of fluids from cool and warm water aquifers in 
these wells is not known. Historically, t h e  most of ten  reported maximum tempera ture  
was approximately 44OC ( I  12OF) at Boyes Hot Springs. The greatest recorded downhole 
temperature  in t h e  valley is t h e  unconfirmed 62.7OC (145°F) at 137.2 meters  (450 feet) at 
Boyes Hot Springs. 
The average values of three,  of t h e  geothermometer algorithms (Table 4) for wells or 
springs with surface temperatures  greater than or equal to 2OoC (68OF) range from 52"-77" 
(126°-1710F). Although, one or two of t h e  other  geothermometer indicators show 
reservoir temperatures higher than this, these three  are in relatively close agreement.  
Therefore, t he  reservoir temperature  may be in this range. 
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Two temperature  gradients (Figures 29 and 30) predict 100°C (212OF) water at  a 
depth of 325 meters (1066 feet) at t h e  Agua Cal iente  Villa site and 270 meters  (885 fee t )  
at t h e  Boyes Hot Springs site. However, l i t t l e  credence should be given to these 
calculations since one temperature  log is unconfirmed and gradients from shallow wells 
seldom remain constant with depth. 
Deeper exploration drilling and sampling from distinct geothermal aquifers should 
provide t h e  da ta  needed to confirm t h e  reservoir temperatures  of geothermal resources in 
t h e  Sonoma Valley area. 
Reservoir Model 
The low-temperature geothermal resources in t h e  Sonoma Valley a r e a  a r e  
characterist ic of liquid-dominated hydrothermal convection systems. The common 
components of such systems include a heat  source, a transmitt ing fluid, sufficient 
permeability to allow fluid movement, sufficient porosity to provide an  adequate  reservoir 
volume, and sometimes a c a p  rock overlying t h e  reservoir to insulate and aid in t h e  
accumulation and s torage of t h e  heat  energy. Gravity is t h e  mechanism t h a t  transports 
cool meteoric water downward through t h e  system while convective circulation of the  less 
dense hotter fluids is the  driving mechanism t h a t  transports hea t  energy from depth t o  
reservoirs near t h e  earth's surface. Hydrothermal convection systems a r e  most likely 
recognizable in areas of extensive faulting where geothermal springs may develop. Such 
systems are usually controlled by several intersecting geologic structures. 
I t  should b e  pointed out tha t  many techniques employed in this study do not directly 
"see" or physically measure t h e  components of a particular geothermal reservoir. For 
example, in this report ,  gravity and magnetic surveys were able to define subsurface 
s t ructural  configurations that ,  when compared to d a t a  from geothermal wells and springs, 
could then b e  interpreted as integral features  of t h e  geothermal reservoir. Only by 
analyzing all of t h e  d a t a  from all of t he  geotechniques applied to this study (whether they 
were supportive or contradictory) could a model of t h e  hydrothermal system in t h e  
Sonoma Valley area b e  devised. 
Figure 32 is an  east-west oriented diagrammatic cross-section of t h e  descending and 
ascending cycles of t h e  hydrothermal convection systems in t h e  Sonoma Valley area.  
Meteoric water (rain, snow, etc.) enters  t h e  systems through permeable uni ts  or f rac ture  
zones in t h e  surrounding mountains to t h e  east and west of t h e  valley. I t  is likely some 
recharge occurs from surface water t h a t  may descend along some, or portions of some, 
fault zones in t h e  valley. The fluids a r e  heated at depth from t h e  earth 's  natural  hea t  
gradient. Heated fluids then ascend along "paths of least  resistance" (faults, fractures,  
geologic contacts, ect. - in Figure 32 represented by faul ts  on t h e  east and west sides of 
t h e  valley) into overlying permeable aquifers (thought mostly to be within units of t h e  
Sonoma Volcanics) forming a complex geothermal reservoir system. This forms a 
geothermal reservoir of discrete  and discontinuous warm water bearing aquifers charged 
by llplumes'' of ascending geothermal fluids. The discontinuity of t h e  geothermal aquifers 
is ref lected in t h e  highly variable specific yield (0-15 percent) of units within t h e  Sonoma 
Volcanics, and is partly t h e  result  of volcanic depositional facies changes, folding, and 
faulting. 
The impermeable c a p  rocks overlying geothermal aquifers in t h e  reservoir system of 
t h e  Sonoma Valley probably include basalt ic and andesit ic volcanic flow rocks and 
probably clay strata.  
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Figure 32. Diagrammatic cross-section of the low-temperature 
geothermal reservoir in the Sonoma Valley area, 
California. By L.G. Youngs, 1982, CDMG. 
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The most easily recognizable geothermal "plume" is in t h e  a rea  marked as "The Most 
Likely Geothermal Production Zone" on Pla te  1. I t  is thought tha t  geothermal fluids 
ascend t h e  "east side" faul t  into permeable aquifers under t h e  Sonoma Valley. In t h e  past, 
these fluids escaped at the  surface a t  or near t h e  t r a c e  of t h e  "east side" faul t  forming 
many of t h e  old natural  warm springs in this area. 
Conclusions and Recommendations 
The low-temperature geothermal resources underlying t h e  Sonoma Valley have good 
potential for local direct  use projects (Figure 33). Historically the  valley's geothermal 
resources have remained relatively constant in temperature  and volume, but  with some 
warm water  tables lowering in heavily used areas. The warmest fluids appear to be in 
aquifers at t h e  Boyes Hot Springs site located on t h e  "east side" fault  alignment. The 
location of this faul t  was f i rs t  determined from geophysical investigations. A higher 
boron and sodium concentration anomaly in well waters,  a high temperature  anomaly 
calculated using t h e  Na-K-Ca (13=4/3) geothermometer,  and an alignment of known 
geothermal wells and springs approximately coincide with t h e  "east side" faul t  trace.  The 
fault appears to act as a conduit for upward migration of warmed fluids in the  
liquid-dominated hydrothermal convection system of Sonoma Valley. Along t h e  east side 
of this faul t  is  a 10 km (6.2 mile) long zone (Plate  I )  where fu ture  low-temperature 
development from moderately shallow drilled wells (100 meter  - 328 fee t )  has t h e  grea tes t  
potential  for success. Additionally, there  appears to b e  a good possibility tha t  by drilling 
deeper in this  zone ( 152 meters  - 500 fee t )  and using a carefully designed casing program, 
fluids with temperatures in the  52"-77"C range may be recovered. The Morton's Warm 
Springs area near Kenwood and t h e  western edge of t h e  Sonoma Valley south of t h e  Ci ty  
of Sonoma at the  base of t h e  Sonoma Mountains may b e  two other  favorable zones for 
low-temperature geothermal development. However, further overall geoscientific 
investigation is needed to be t te r  assess the geothermal potential in each of these areas. 
Geophysical application of gravity and magnetic measurement techniques supported 
by some seismic refraction surveys was clearly able to define t h e  faulting fabric  
underlying t h e  Sonoma Valley, as well as in some cases, delineate volcanic rocks buried 
under sediments of the  valley. Major geophysical anomalies were uncovered by these 
techniques and future  investigations should include pursuing t h e  ex ten t  and cause of these 
anomalies along their  north and northwestward projections from t h e  study area. 
Unfortunately, electrical  resistivity techniques proved to b e  of only minor value in 
understanding the  geothermal resources of the  valley. The low geothermal fluids 
temperature,  relatively low mineral content  of t h e  fluids, and t h e  presence of a large 
volume of electrically conductive clay units in t h e  valley sediments greatly hampered 
electrical  resistivity analyses. Probably shallow t o  moderately deep electrical  resistivity 
measurements would b e  of only very localized value in future  geothermal resource 
investigations in t h e  Sonoma Valley area. Results of geochemical sampling of springs and 
wells proved helpful in supporting t h e  exis tence of t h e  "east side" fault  and in determining 
tha t  a probable geothermal "plume" exists along a t  least  a portion of its alignment. 
Perhaps detailed and localized geochemical water sampling in some of the potential 
geothermal resource zones of t h e  valley would yield significant results rather than a large 
valley-wide scat tered sampling program. The geothermometry d a t a  in this report  should 
be considered questionable due in part  to mixing of fresh water  and geothermal fluids in 
wells perforated for maximum overall water  production. I t  would be advantageous in 
fu ture  investigations to obtain water samples solely derived from warm water aquifers for 
analyses and subsequent geothermometry calculation. The subsurface geologic record for  
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Temperature Ranges for Direct Uses 
Use 
7 TemDerature Ranae Evaporation of Highly Concentrated Solutions. Refrigeration by Ammonia Absorption. Digestion in Paper Pulp. Kraft. Heavy Water via Hydrogen Sulfide Process. Drying of Diatomaceous Earth. 
Drying of Fish Meal. 
Drying of Timber. 
of cbnventional - 
Power Production I 
J Aluminia via Bayers Process. Drying Farm Products at High Rates. Canning of Food. 
Evaporation in Sugar Refining. 
Extraction of Salts by Evaporation and Crystaliurtion 
Fresh Water by Distillation. 
Most Multiple Effect of Evaporations. Concentration of Saline Solutions. 
Refrigeration by Medium Temperatures. 
Drying and Curing of Light Aggregate Cement Slabs. 
Drying of Organic Materials. Seaweed. Grass. Vegetables. etc. 
Washing and Drying of Wool. 
Drying of Stock Fish. 
Intensive Deicing Operations. 
Space Heating. 
Greenhouses by Space Heating. 
Refrigeretion by Low Temperature. 
Animal Husbendry. 
Greenhouses by Combined Space and Hotbed Heating 
Mushroom Growing 
Balneologicsl Baths. 
Soil Warming. 
Swimming Pools. Biodegradation. Fermentation. 
Warm Water for Year Around Mining in Cold Climates. 
De-Icing. 
Hatching of Fish, Fish Farming. 
From: Lindal. 6.. 1874. Geothermal energy for process use: 
Proceedings of the International Conference on Geothermal Energy. Oregon Institute of 
Technology. 
Figure 3 3 .  Temperature ranges o f  some possible geo- 
thermal direct uses. 
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Sonoma Valley is scant. The only downhole d a t a  available appears to  be from water  well 
driller's logs. Future  geothermal investigations of t h e  Sonoma Valley area would b e  
greatly benefited if detailed downhole geologic d a t a  could be obtained. There are an  
insufficient number of downhole temperature  profiles presented in this report  to b e  of 
much value in predicting geothermal temperatures  at depth in the  Sonoma Valley. I t  is 
recommended tha t  future  investigations include t h e  acquisition of more downhole 
temperature  logs. A shallow-hole temperature  probe survey laid out  in grid format  may 
greatly refine t h e  hea t  distribution pat tern in some of t h e  potential geothermal resource 
zones described above. 
The  understanding of a geothermal resource improves with t h e  acquisition of more 
and bet ter  defined data. Therefore, it is expected t h a t  some material and some 
conclusions concerning t h e  low-temperature resources of t h e  Sonoma Valley area 
presented in this report  will b e  modified in t h e  future. Certainly, subsurface d a t a  derived 
from t h e  geothermal exploration well (drilling began in July, 1982) on the  Sonoma S t a t e  
Hospital grounds and from a proposed 244 m (800-foot) deep geothermal production well 
t o  b e  drilled in January, 1983 at t h e  old Boyes Hot Springs grounds will add greatly to t h e  
understanding of t h e  character  and nature  of t h e  geothermal resources in t h e  Sonoma 
Valley area. 
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reservoir assessment and conf irmatiorx California Division of Mines and Geology, 
Addendum to Open-File Report  81-13SAC, Report  for U.S. Department of Energy, 
Cont rac t  No. DE-FG03-79ET27035, 73 p. 
"The addendum presents t h e  results and conclusions of t h e  CDMG 
exploratory drilling program at Calistoga, California. The report  
includes geologic drill logs, geochemistry data,  cross-sections, 
correlations of various investigative techniques, and geologic and 
hydrologic interpretations." 
Youngs, L.G., Bacon, C.F., Chapman, R.H., Chase, G.W., Higgins, C.T., 
Majmundar, H.H., and Taylor, G.C., 1980, Resource assessment of low- and 
moderate-temperature geothermal waters in Calistoga, Napa County, California - 
Report of t h e  second year, 1979-80, of t h e  U.S. Department of Energy-  California 
State-Coupled Program for reservoir assessment and confirmation: California Division 
of Mines and Geology, Open-File Report  81-13SAC:, Report for U.S. Department  of 
Energy, Contract  No. DE-FG03-79ET27035, 168 p. 
"The report  presents t h e  d a t a  and results of a detailed scientific 
geothermal reservoir investigation of the? Calistoga, California 
area. Methodology, history, geology, geophysical investigations, 
shallow and moderately deep hole temperature  surveys, hydrology, 
geochemistry, seismicity, exploratory drilling, and reservoir 
evaluation a r e  addressed in t h e  report." 
Youngs, L.G., Bezore, S.P., Chapman, R.H., and Chase, G.W., 1981, Resource 
investigation of low- and moderate-temperature geothermal areas in San Bernardino, 
California - Part of the  third year report, 1980-81, of t h e  U.S. Department of Energy - 
California State-Coupled Program for reservoir assessment and confirmation: 
California Division of Mines and Geology, Open-File Report  82-1 ISAC, Report  for U.S. 
Department of Energy, Contract  No. DE-FC03-80SF J.0855, 242 p. 
"The report presents the  data and results of a detailed scientif ic  
geothermal reservoir investigation of t h e  San Bernardino, California 
area. Geothermal historical development, geology, geochemistry, 
geophysical investigations, temperature  surveys, hydrology, 
seismicity, and geothermal reservoir evaluations a r e  addressed in 
t h e  report." 
Youngs, L.G., Chapman, R.H., Chase, G.W., Bezore, S.P., and Majmundar, H.H., 
publication in 1982, Investigation of low-temperature geothermal resources in t h e  
Sonoma Valley area,  California- Part of t h e  fourth year report ,  1981-82, of t h e  U.S. 
Department of Energy - California State-Coupled Program for reservoir assessment and 
confirmation: California Division of Mines and Geology, Open-File Report  ~ 
Report for U.S. Department of Energy, Contract No. DE-FG03-81SF 10855, - P* 
"The report  presents t h e  da ta  and results of a detailed scientific 
geothermal reservoir investigation of t h e  Sonoma Valley area,  
California. Historical geothermal development, geology, 
geochemistry, geophysical surveys, t empera ture  surveys, hydrology, 
and geothermal reservoir characterist ics a r e  discussed in t h e  report." 
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